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Manganese silicide (MnSi) is a model helimagnetic compound with a B20 structure. It is 
the first material, which is found hosting magnetic skyrmions. Magnetic skyrmions are 
proposed as promising candidates for future information memory devices. For many 
applications, the preparation of MnSi thin films is a perquisite. So far, B20 MnSi thin films 
have been successfully prepared on Si(111) substrates by solid phase epitaxy or molecular 
beam epitaxy. However, the parasitic MnSi1.7 phase is difficult to eliminate. Moreover, there is 
no successful growth of MnSi films on Si(100) substrates which are more preferred in practical 
applications. Therefore, alternative preparation methods are on demand for possible solutions 
for the above-mentioned problems.  
In this thesis, I am using flash lamp annealing to induce a fast solid-state reaction between 
the pre-deposited Mn metal and Si substrates. I have investigated the phase formation and the 
structural, magnetic and magneto-transport properties. Mn films with different thicknesses 
were deposited by magnetron sputtering on Si(100) and Si(111) substrates. Flash-lamp 
annealing (FLA) was performed immediately after the deposition without exposing the films 
to air. FLA is far away from thermal equilibrium and characterized by the rapid heating of 
materials to predefined temperatures followed by instantaneous quenching. During FLA of the 
Mn/Si system, both elements diffuse and mix with each other. Further reaction leads to 
crystalline phases at respective temperatures. 
The structure of the regrown layers exhibits a competition between B20 MnSi and MnSi1.7 
phases on Si(100) and (111) substrates depending on the variation of deposited Mn thicknesses 
and FLA parameters. Flash-lamp annealing affects both heterogeneities and hence the 
structural state of the regrown layers. I have realized the formation of MnSi on Si(100) 
substrates. The MnSi films on Si(100) are polycrystalline and are always mixed with MnSi1.7. 
With increasing the deposited Mn thickness to 15 nm on Si(100) substrates, magnetic skyrmion 
signatures can be detected by magnetic and transport measurement. The growth of B20 MnSi 
on Si(111) substrates is much easier due to the smaller lattice mismatch. The obtained films 
are always (111) textured. I have realized the phase separation between MnSi and MnSi1.7 by 
varying the FLA parameters. A high reaction temperature leads to films with only B20 MnSi, 
a lower reaction temperature results in only MnSi1.7, and a moderate reaction temperature can 





One puzzling observation for MnSi films is their Curie temperature. I have compared 
MnSi films on Si(100) and Si(111) substrates with a broad variation in their structures. 
Surprisingly, all these MnSi films show an increased Curie temperature of up to around 41-43 
K, which is much higher than 29.5 K for bulk MnSi. The Curie temperature is independent of 
the structural parameters within our accessibility including the film thickness above a threshold, 
strain, cell volume and the mixture with MnSi1.7. I present a discussion about the Curie 





Mangansilizid (MnSi) ist eine modele helimagnetische Verbindung mit einer B20-
Struktur. Es ist das erste Material, das magnetische Skyrmionen enthält. Magnetische 
Skyrmionen werden als vielversprechende Kandidaten für zukünftige 
Informationsspeichergeräte vorgeschlagen. Für viele Anwendungen ist die Herstellung von 
MnSi-Dünnfilmen eine Voraussetzung. Bisher wurden B20-MnSi-Dünnfilme erfolgreich auf 
Si(111) -Substraten durch Festphasenepitaxie oder Molekularstrahlepitaxie hergestellt. Die 
parasitäre MnSi1.7-Phase ist jedoch schwer zu eliminieren. Darüber hinaus gibt es kein 
erfolgreiches Herstellung von MnSi-Filmen auf Si(100) -Substraten, die in praktischen 
Anwendungen bevorzugter sind. Daher sind alternative Herstellungsverfahren erforderlich, um 
mögliche Lösungen für die oben genannten Probleme zu finden. 
In dieser Arbeit verwende ich Blitzlampenausheilung, um eine schnelle 
Festkörperreaktion zwischen dem vorab abgeschiedenen Mn-Metall und den Si-Substraten zu 
induzieren. Ich habe die Phasenbildung und die strukturellen, magnetischen und 
Magnetotransport-Eigenschaften untersucht. Die Mn-Filme mit unterschiedlichen Dicken 
wurden durch Magnetron-Sputtern auf Si(100)- und Si(111)-Substraten abgeschieden. Die 
Blitzlampenausheilung (FLA) wurde unmittelbar nach der Abscheidung durchgeführt, ohne die 
Filme der Atmosphäre auszusetzen. FLA ist weit vom thermischen Gleichgewicht entfernt und 
zeichnet sich durch das schnelle Erhitzen von Materialien auf vordefinierte Temperaturen und 
eine anschließende schnelle Abkühlphase aus. Während das Mn/Si-System mittels FLA 
ausgeheilt wird, diffundieren beide Elemente und vermischen sich miteinander. Eine weitere 
Reaktion führt zu kristallinen Phasen bei den jeweiligen Temperaturen.  
Die Struktur der gebildeten Schichten zeigt eine Konkurrenz zwischen B20-MnSi- und 
MnSi1.7-Phasen auf Si(100) - und (111) -Substraten, abhängig von der Variation der 
abgeschiedenen Mn-Dicken und der FLA-Parameter. Die Blitzlampenausheilung beeinflusst 
sowohl die Heterogenität als auch den strukturellen Zustand der gebildeten Schichten. Ich habe 
die Bildung von MnSi auf Si(100) -Substraten realisiert. Die MnSi-Filme auf Si(100) sind 
polykristallin und sind immer mit MnSi1.7 gemischt. Mit einer Erhöhung der abgeschiedenen 
Mn-Dicke auf 15 nm auf Si(100) -Substraten können magnetische Skyrmion-Signaturen durch 
Magnet- und Transportmessung nachgewiesen werden. Das Wachstum von B20 MnSi auf 
Si(111) -Substraten ist aufgrund der geringeren Gitterfehlanpassung viel einfacher. Die 





MnSi1.7 durch Variation der FLA-Parameter realisiert. Eine hohe Reaktionstemperatur führt zu 
Filmen mit nur B20 MnSi, eine niedrigere Reaktionstemperatur führt nur zu MnSi1.7 und eine 
moderate Reaktionstemperatur kann eine Mischung bilden.  
Eine erstaunliche Beobachtung für MnSi-Filme ist ihre Curie-Temperatur. Ich habe MnSi-
Filme auf Si(100)- und Si(111)-Substraten bei einer großen Variation ihrer Strukturen 
miteinander verglichen. Überraschenderweise zeigen alle diese MnSi-Filme eine erhöhte 
Curie-Temperatur von bis zu 41-43 K gegenüber dem Wert von 29.5 K für MnSi-Massen. Die 
Curie-Temperatur ist unabhängig von den Strukturparametern innerhalb des untersuchten 
Parameterraums, d.h unabhängig von der Filmdicke über einem Schwellenwert, der Dehnung, 
des Zellvolumens und der Mischung mit MnSi1.7. Am Ende der Arbeit präsentiere ich eine 






1.1 B20 compounds and magnetic skyrmions 
Crystal structure is the description of an ordered arrangement of atoms, ions or molecules 
in a crystalline material [1] shown schematically in Figure 1.1 (a). Ordered structures occur 
from the intrinsic nature of the constituent particles to form symmetric patterns. Those patterns 
repeat along the principal directions of three-dimensional space in materials. The smallest 
group of particles in the material that constitutes this repeating pattern is the unit cell (in 
Figure1.1 (b)) of the structure. The unit cell completely reflects the symmetry and structure of 
the entire crystal, which is built up by repetitive translation of the unit cell along its principal 
axes. The lengths of the principal axes (a, b and c) of the unit cell and the angles (α, β and γ) 
between them are the lattice constants, also called lattice parameters. A lattice system is a class 
of lattices with the same set of lattice point groups, which are subgroups of the arithmetic 
crystal classes. There are seven lattice systems (triclinic, monoclinic, orthorhombic, tetragonal, 
rhombohedral, hexagonal, and cubic) classified by lattice constants [2]. They are listed in Table 
1.1. Depending on the symmetry properties of the crystal, the seven lattice systems are divided 
into space groups. All possible symmetric arrangements of particles in three-dimensional space 
are described by 230 space groups.  
 





Table 1.1. Seven lattice systems 
Crystal system Length of edges angles 
Triclinic 𝑎 ≠ 𝑏 ≠ 𝑐 α≠β ≠ γ≠90o 
Monoclinic 𝑎 ≠ 𝑏 ≠ 𝑐 α= γ=90o, β ≠90o 
Orthorhombic 𝑎 ≠ 𝑏 ≠ 𝑐 α= β =γ=90o 
Tetragonal 𝑎 = 𝑏 ≠ 𝑐 α= β =γ=90o 
Trigonal 𝑎 = 𝑏 ≠ 𝑐 α= β = 90o, γ=120o 
Hexagonal 𝑎 = 𝑏 ≠ 𝑐 α= β = 90o, γ=120o 
Cubic 𝑎 = 𝑏 = 𝑐 α= β =γ=90o 
 
The B20-structure is one kind of simple cubic structure and belongs to space group P213, 
#198 [3, 4]. It is a distorted rock salt structure with basis vectors (u, u, u), ( 
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  +u). As shown in Figure 1.2, 4 transition metal atoms and 
4 IV group atoms constitute the unit cell of a B20 crystal. Compared with the regular cubic 
structure, the nearest neighbouring atom of any atom in B20 compounds is a different element 
from itself. Due to this special arrangement of these atoms, the spatial inversion symmetry is 
broken and thus B20 compounds are noncentrosymmetric or called chiral symmetrical [5]. This 
broken symmetry is a fundamental concept prevailing in many branches of physics.  In recent 






Figure 1.2. B20 crystal structure. The nearest atom of each atom is different. Thus this special 
atom arrangement breaks the spatial inversion symmetry, also called noncentrosymmetry. The 
left and right unit cell indicate the existence of chirality along one plane. 
Due to the existence of antisymmetric exchange interaction, B20 compounds have many 
interesting magnetic, or transport properties originating from the relativistic spin orbit coupling 
(SOC) [15-18].  
The interplay between SOC and magnetism can lead to many interesting phenomena. In 
conventional magnetic materials, the ferromagnetic order arising from exchange interactions 
aligns neighboring spins [15]. A well-known result of SOC is magnetocrystalline anisotropy. 
The electron moments tend to align preferentially along certain crystallographic directions 
(called easy axes) due to the coupling of electron motion to the crystalline lattice field. In 
systems, for instance B20 compounds that do not exhibit inversion symmetry, SOC induces a 
chiral Dzyaloshinskii-Moriya interaction (DMI) [8, 9, 19-21]. DMI contributes additionally to 
the total magnetic exchange interaction between two neighboring magnetic spins, Si and Sj. 
Figure 1.3 (a) shows the schematic of DMI. The Hamiltonian can be written as [22-24]: 





Here Si and Sj are neighbouring spins and Dij is the Dzyaloshinskii–Moriya vector. If Si and Sj 
are initially parallel, the effect of a sufficiently strong DMI (with respect to exchange and 
anisotropy) is to introduce a tilt around Dij. DMI can enable the formation of chiral spin 
structures, for instance, a non-collinear structure shown in Figure 1.3 (b) and magnetic 
skyrmions [15, 16, 23, 25, 26]. 
 
Figure 1.3 (a) Dzyaloshinskii Moriya interaction and (b) induced non-collinear spins. 
Reproduced from [15]. 
Skyrmion is a topologically stable field configuration of a certain class of non-collinear 
sigma models, which was proposed by Tony Skyrme in 1962 [27]. Figure 1.4 (a) shows the 
three-dimensional spin arrangement of a magnetic skyrmion, which looks like a hedgehog ball . 
Figure 1.4 (b), (c) and (d) are the two-dimensional schematic diagram of the magnetic skyrmion 
[28-30]. The spins of magnetic skyrmion point down at the center and up at the edges. There 
are three typical types of magnetic skyrmion: Bloch-type skyrmion (Figure 1.4 (b)), Néel-type 
skyrmion (Figure 1.4 (c)) and Anti-skyrmion (Figure 1.4 (d)). They correspond to different 
symmetries of the interaction between spins, resulting in different directions of the rotation. 
The interaction between spins can be due to the underlying crystal lattice or to the presence of 










] 𝑑𝑥𝑑𝑦 = ±1                                                                                                (2) 





Figure 1.4. (a) Hedgehog-type skyrmion spin texture and (b–d) its projection into the two- 
dimensional plane (Bloch-type Skyrmion (b), Néel-type Skyrmion (c) and Anti-Skyrmion (d)). 
Depending on the underlying lattice symmetry (i.e. crystallographic point group), 
Dzyaloshinskii-Moriya interaction can stabilize different forms of skyrmion spin texture. 
Reproduced from [28].   
The topological number for Bloch-type skyrmion and Néel-type skyrmion is 1, while for 
the Anti-skyrmion it is -1 [28, 34-38]. The mechanism for forming magnetic skyrmion can be 
classified into 4 kinds: (1) the interactions between magnetic dipoles in centrosymmetric 
magnets. If there is a perpendicular magnetic anisotropy in magnetic films [18, 25, 32, 39-41]. 
The magnetocrystalline anisotropy causes the magnetic spins to be arranged perpendicular to 
the surface of film and the interactions between dipoles make spins align the in the plane 
preferably. When the applied magnetic field is perpendicular to the surface of film, the stripe 
domains become periodically arranged magnetic skyrmions; (2) DM interactions in 





42, 43]. Under the external field, the magnetic domains of these materials change from spiral 
to triangular skyrmion; (3) frustrated exchange interactions [34]; (4) exchange interactions 
between 4 spins [22]. In the materials with the first mechanism, the competition between dipole 
interaction and the exchange interaction determine the size of skyrmion, between 100 nm and 
1 µm. In materials with the second mechanism, the ratio of the DM interaction and the 
exchange interaction determine the size of skyrmion, between 2 nm and 100 nm. In the 
materials with the third or fourth mechanisms, the size of skyrmion can be on an atomic scale.  
Up to now, the materials for hosting skyrmion can be classified into 3 kinds: 
noncentrosymmetric magnetic, centrosymmetric magnetic and interface magnetic. The 
parameters of these three kind materials are shown in table 1.2.  
Table 1.2. The list of different materials that host magnetic skyrmions. 










MnSi 29.5 K 18 nm Metal [5] 
FeCoSi <36 K 100 nm Semiconductor [42] 
FeGe 278 K 70 nm Metal [44] 
MnGe 170 K 3 nm Metal [45] 
CoxZnyMn20-x-y >300 K >120 nm Metal [46] 
Mn1.4PtxPd1-xSn >300 K 150 nm metal [47] 




Ba(FeScMg)12O19 >300 K 200 nm Insulator [49] 
LaSrMnO 100 K 160 nm Insulator [50] 
MnNiGa 350 K 180 nm Metal [51] 
 
Interface magnetic 
Fe/Ir (111) film >300 K 1 nm Metal [22] 
Co/Ni/Cu (001) 300 K 2 µm Metal [33] 





Here, we make a brief introduction about the formation mechanism of nanometric 
skyrmions in B20-type magnetic compounds, that have been reported experimentally. Based 
on the previous discussion, in B20-type magnets, there exists an antisymmetric exchange 
interaction [50, 53, 54], i.e. Dzyaloshinskii Moriya (DM) interaction originating from 
relativistic spin orbit interaction. From Eq. 1, Dij is the DMI contribution, also called as the 
DM factor. For most of magnetic materials, their spins tend to arrange in a collinear fashion 
due to Heisenberg exchange interaction [25, 55-57]. Dzyaloshinskii Moriya interactions and 
Heisenberg exchange interaction compete with each other, forming a whirling spin structure. 
The size of skyrmions or the associated magnetic modulation period λ is determined by the 
ratio between the magnitudes of DM interaction Dij and ferromagnetic exchange interaction Jij. 
Ferromagnetic exchange interaction is an interaction between localized electron magnetic 
moments, Si and Sj. Its Hamiltonian can be written as [15]: 
𝐻𝐹𝑒 = 𝐽𝑖𝑗𝑆𝑖 ∙ 𝑆𝑗                                                                                                             (3) 
Here Si and Sj are neighbouring spins from neighbouring atoms and Jij is the ferromagnetic 
exchange integral. The skyrmion size is determined by the ratio between Heisenberg and DM 
interaction [15]: 
λ ~ a ∙
𝐽𝑖𝑗
𝐷𝑖𝑗
                                                                                                                         (4) 
where a is the lattice constant. For ferromagnetic B20 compounds like MnSi, FeGe [58, 59], Jij 
≫ Dij and for antiferromagnetic B20 compounds like MnGe, Jij ≪ Dij, thus MnGe has a much 
smaller skyrmion size close to 2 nm and MnSi or FeGe have much bigger skyrmions larger 
than 10 nm. The size of skyrmion also varies slightly in the bulk, thin film and nanowires 
samples due to the change of lattice constant and exchange interactions. λ typically ranges from 
1 to 100 nm for noncentrosymmetric compounds. The saturation field Hs for these materials is 





                                                                                                                          (5) 
where M is the saturation magnetisation. For ferromagnetic B20 compounds, like MnSi, FeGe 
the Jij ≫  Dij. Thus the saturation field Hs is always smaller than 1 T. However, for 





equations, we can calculate and design the size of skyrmions and the saturation field by 
adjusting Jij and Dij. They can be designed by alloying different elements. 
The first observation of skyrmions in experiments was reported by Mühlbauer and co-
workers. They used small angle neutron scattering (SANS) to measure bulk B20 MnSi [5]. 
Small angle resonant soft x-ray scattering (R-SoXS) also succeeded in detecting skyrmions in 
B20 Cu2OSeO3 and CoZnMn materials [8, 60]. However, the skyrmions observed by these two 
methods are in reciprocal space. The skyrmions in real space can be detected by electron 
microscopy or scanning probe microscopy. The resolution of magnetic force microscopy 
(MFM) is around 20 nm and thus MFM was used to observe skyrmions in bulk Fe1-xCoxSi 
(skyrmion size is around 60 nm) [61] or multi-layer system (skyrmion size is around few 
hundred nm) [62]. Spin-polarized scanning transmission electron microscopy (SP-STM) was 
used to detect the atomic size skyrmion in Fe/Ir (111) multi-layers [22]. Lorentz transmission 
electron microscopy (LTEM) with nanoscale spatial resolution and in-situ magnetic field is the 
best tool for observing skyrmions directly [42, 44]. There are also some groups who identify 
skyrmions by magnetic and transport properties [7, 9, 51, 63-66]. From the magnetic hysteresis 
loop of skyrmion materials, one can observe multi-loops, where the calculated static 
susceptibility shows several peaks with increasing the magnetic field, indicating magnetic 
phase transitions. The calculated dMR/dH from magnetoresistance (MR) and Hall resistance 
can also be used to prove the existence of skyrmions. These magnetic and transport 
measurements offer an easy and effective way in regular labs to detect skyrmions and will be 
used in this thesis.  
Due to the fact that skyrmions have good stability, novel dynamic characteristics and can 
be regulated by magnetic fields, electric fields, currents, etc., they are expected to become a 
high-density, low-energy, non-volatile information storage and logic operation carrier. To 
drive skyrmions, one only needs smaller current, which can save energy and decrease the Joule 
heat. Since magnetic skyrmions were first observed experimentally in 2009, there have been 
many devices and prototypes based on magnetic skyrmion [5].  
1.2 B20 MnSi with magnetic Skyrmions 
Magnetic skyrmions were first observed in bulk B20 MnSi materials. B20 MnSi is a 
member of a class of materials known as cubic helimagnets with a lattice parameter of aMnSi = 




(space group P213), which is a distorted rock salt structure with basis vectors (u, u, u) for Mn1 
or Si1, ( 
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1
2




+u) for Mn4 or Si4. The atomic positions for MnSi are given by uMn = 0.137 and uSi = 0.845. 
A typical X-ray diffraction pattern for bulk polycrystalline MnSi is shown in Figure 1.5. MnSi 
(210) and (211) result in the strongest reflections. After Rietveld refinement of the XRD data, 
the lattice parameter a=b=c=0.4559 nm and α =  γ = 90o can be obtained. Moreover, the 
secondary MnSi1.7 phase grows as a parasite in MnSi compound. 
 
Figure 1.5. The XRD pattern of bulk polycrystalline MnSi. The MnSi1.7 phase coexists as a 
second phase. Reproduced from [63]. 
As a single crystal, B20 MnSi has no inversion symmetry and hence can have either a left 
or right handed crystal chirality [67-70]. As we know, chirality plays a critical role in a wide 
range of systems, from biology and chemistry to condensed matter physics and high energy 
physics [71]. Bulk MnSi has been studied for decades and become the focus of even more 
interest after the discovery of the skyrmion lattice in 2009 [4, 5, 19]. This has led to intense 
investigations in terms of, for example, the Topological Hall Effect (THE) [72], the direct 
observation of the skyrmion lattice by LTEM [72, 73], collective excitations of different 





The fabrication of single crystal MnSi compound is very important for the above 
investigations at the beginning. Crystalline phases are formed by a phase transition from a 
liquid, gaseous or amorphous state. The main goal in single crystal growth is achieving a 
reproducible and undisturbed crystallization by studying and controlling the parameters of 
phase transitions. Thus it is very important to have a detailed knowledge about the equilibrium 
phase diagrams [74], the growth processes at the phase boundaries and the involved (mass) 
transport phenomena. The phase diagram is a very important and useful tool to know the phase 
formation dependent on temperature and composition. The following section provides basic 
information on the processes during crystallization and crystal growth for MnSi [75]. 
1.2.1 Crystallization process 
It is known that the phase diagram can guide the crystallization process and formation. It 
is a useful and important tool to describe alloy constitutional phase stability and materials 
processing. In general, phase diagrams show which phases within a given system are in 
equilibrium or not, depending on the variables of pressure p, temperature T and molar fraction 
of each element. An accurate knowledge of the phase diagram allows us to choose the growth 
method and parameters for stable crystal growth of the wanted compound. Here it is shown 
how binary phase diagrams can be derived in principle from thermodynamic considerations 
and the basic types of phase diagrams resulting from these considerations are described [76]. 
From the phase diagram shown in Figure 1.6 [77], it is known there are three transitions 
from liquid to solid: congruent reaction, eutectic reaction and peritectic reaction. The reaction 
from liquid to solid γ phase is a congruent reaction, where the liquid can fully transform into a 
solid phase with the same composition. The reaction from liquid to two solid α+γ or γ+β phase 
is the eutectic reaction, where the liquid can fully transform into two solid phases with different 
compositions. The peritectic reaction refers to a reaction from a liquid and a solid phase to 
another solid phase. The single phase γ in the phase diagram looks like a line, also called a line 
compound. For most B20 compounds, they are line compounds. However, some B20 
compounds can not be found from the phase diagram, indicating that these phases can not be 
formed in an equilibrium conditions. B20 MnSi is a line compound and can be formed at the 
composition ratio of Mn and Si close 1:1. From the phase diagram, it is known that B20 MnSi 





Figure 1.6. Basic types of phase diagrams for binary systems with congruent reaction and 
eutectic reaction. Reproduced from [77]. 
Nucleation and growth are the most important two stages for crystallization process [78]. 
In the initial nucleation stage, a small nucleus is formed and contains the newly forming crystal. 
Nucleation is relatively slow because the initial crystal components must meet with the correct 
orientation and placement to adhere to each other and form the crystal. After the successful 
formation of a stable nucleus, the crystal growth starts in which free particles (atoms or 
molecules) adsorb to the nucleus and spread the crystalline structure outward from the 
nucleation site. This process is much faster than nucleation. The reason for such rapid growth 
is that true crystals contain dislocations and other defects that act as catalysts for particles to 
attach to the existing crystalline structure. In contrast, perfect crystals (without defects) would 
grow extremely slowly. In all these two processes, the driving force is the source to promote 
the reaction progress. 
Driving force 
The driving force for crystallization per volume △Gv is defined as the difference between 
the free energy of the liquid and crystalline state [79]. It plays the major role for crystallization 
process. It is obvious that the lateral growth mechanism is found when any region in the surface 
can reach a metastable equilibrium in the presence of a driving force. It will then tend to remain 
in such an equilibrium configuration until a step is passed. Thereafter, the configuration will 
be identical except that each part of the step will have advanced by the step height. If the surface 





waiting for steps to move laterally. Thus, Cahn concluded that the distinguishing feature is the 
ability of the surface to reach an equilibrium state in the presence of the driving force [80]. He 
also concluded that for every surface or interface in a crystalline medium, there exists a critical 
driving force, which, if being exceeded, will enable the surface or interface to advance normal 
to itself, and, if not being exceeded, will require the lateral growth mechanism. Therefore, for 
sufficiently large driving forces, the interface can move uniformly without a heterogeneous 
nucleation or screw dislocation mechanism. What constitutes a sufficiently large driving force 
depends on the diffusivity of the interface, so for extremely diffuse interfaces this critical 
driving force is so small that any measurable driving force exceeds it. For sharp interfaces, on 
the other hand, the critical driving force is very large and most growth will occur through the 
lateral step mechanism.  
In a typical solidification or crystallization process, the thermodynamic driving force is 
dictated by the degree of supercooling. The free energy, which is a criterion for a solution 
reaction, the standard thermodynamic equation for free energy calculations is shown as follows 
[80]: 
∆𝐺𝑉 = ∆𝐺
𝑂 + 𝑅𝑇𝑙𝑛𝑄                                                                                                         (6) 
where △ 𝐺0 is the standard free energy, R is the gas constant, T is the temperature and Q is 




1.2.2 Phase diagram of Mn-Si binary compound 
 
Figure 1.7. The equilibrium phase diagram of Mn-Si system. The red triangle, blue dot and 
green cross represent the B20-MnSi, MnSi1.7 and Si phase. Single MnSi phase can only exist at 
50 at.% Si, however MnSi1.7 appears in a much broader window. Reproduced from [81]. 
The equilibrium phase diagram of the binary Mn-Si alloy is shown in Figure 1.7 [81]. As 
the Si composition is lower than 18.75 at.%, there is no Mn-Si compound and the Si atoms are 
at the substitution site or in the interstitial site. When the Si concentration is increased to 20.2 
at.%, there is a eutectic reaction from the liquid to two solid phases: v and β-Mn3Si at 1040 
oC. 
When the Si concentration varies from 25 to 25.6 at.%, single Mn3Si phases are stable. The 
high temperature β-Mn3Si phase converts to the room temperature α-Mn3Si phase at about 677 
oC, which is known as a polymorphic reaction. When the Si concentration is increased to 37.5 
at.%, the line compound Mn5Si3 can be formed from the liquid by congruent reaction at 1300 
oC. Mn3Si can also be formed by a peritectic reaction from liquid phase + solid Mn5Si3 phase 
to the Mn3Si solid phase. The eutectic reaction of liquid to solid Mn5Si3 and B20-MnSi can 
occur at 45.6 at.% Si at about 1234 oC. The single B20-MnSi phase can form only at 50 at.% 
Si by the congruent reaction at 1276 oC. With further increase of Si concentration, there are 





as: Mn4Si7, Mn11Si19, Mn15Si26 and Mn27Si47 and are commonly written as MnSi1.7. A single 
MnSi1.7 phase can be formed from 63 to 63.64 at.% Si. As shown in the phase diagram, the 
region between 50 and 63at.% Si is the mixture of B20-MnSi and MnSi1.7. 
B20 MnSi with non-centrosymmetric cubic structure accommodates skyrmions and has a 
transition temperature at around 29.5 K [5]. Higher manganese silicides are reported as a weak 
itinerant magnet with a saturation magnetization of 0.012 µB/Mn [82], which is 20 times lower 
than B20 MnSi. However, as a semiconductor with narrow band gap of 0.4-0.7 eV, higher 
manganese silicides can be an excellent candidate for thermal electric materials and near-
infrared detectors [83-86]. Mn3Si crystallizes cubically with a DO3 structure that exhibits non-
collinear antiferromagnetic behavior at a Neél temperature (TN) of 25 K [87-89]. Orthorhombic 
Mn5Si3 also exhibits non-collinear antiferromagnetic behavior below a TN of 68 K and collinear 
antiferromagnetic behavior below a TN of 99 K [90, 91]. 
1.2.3 Bulk B20-MnSi 
Melt growth is the commercially most important method of crystal growth. Growth from 
melt can be further divided into several different techniques [76, 92]: a) Bridgmann method; b) 
Czochralski method; c) Vernuil method; d) zone melting method; e) Kyropoulos technique; 
and f) skull melting. The Czochralski method and the floating zone melting method are the 
most common methods for fabricating bulk MnSi single crystals. The Czochralski method is 
named after the Polish scientist Jan Czochralski, who invented the method in 1915 while 
studying the crystallization rates of metals [93]. He made the discovery by an accident: instead 
of dipping his pen in his inkwell, he dipped it in molten tin and drew a tin thread, which later 
turned out to be a single crystal. The vertical floating zone method was first introduced by Kec 
and Golay in 1953 for the crystallization of high-purity silicon [94]. In this growth technique, 
as the name implies, a narrow melt zone is created by local heating, optically or inductively, 





Figure 1.8. Magnetic phase diagram of bulk MnSi crystals near the Curie temperature TC=29.5 
K. The A-phase is the magnetic skyrmion phase. Reproduced from [5]. 
Due to its special crystalline structure, B20 MnSi exhibits interesting and complicated 
magnetic properties. All magnetic phases of bulk B20 MnSi are summarized in a magnetic 
field-temperature (B-T) phase diagram measured by reciprocal space SANS in Figure 1.8. 
When bulk MnSi cools from room temperature with zero magnetic field, the paramagnetic to 
helimagnetic transition arises at TC = 29.5 K. Below the Curie temperature, the spins rotate in 
the plane perpendicular to the propagation direction of the helix. The helices are left-handed, 
with a length of around 18 nm. Moreover, applying a magnetic field at around Bc1 = 0.1 T 
induces a transition from helix to conical phase, where the wave vector kH of the helices aligns 
along the field direction and the spins start to tilt towards B until the ferromagnetic state is 
reached at high fields above 0.55 T. The critical field of this ferromagnetic transition, i.e. Bc2, 
drops with increasing temperature due to the decrease of anisotropy. In the regime of the 
conical phase, the phase diagram includes the first example of a new form of magnetic order 
composed of topologically distinct spin solitons at around Curie temperature, namely skyrmion, 
which is illustrated in Figure 1.9 with the mark of ‘A phase’. Skyrmions can exist from the 
critical field Ba1 to Ba2 and from 26.5 K to Curie temperature. 
Later on, researchers have found that the Curie temperature of bulk MnSi can be increased 
by applying stress [95] or by thinning the crystals [96]. The temperature and field range in 






Figure 1.9. (a) The micrograph of MnSi lamellae embedded into the nonmagnetic Mn11Si19 
(MnSi1.7) matrix. (b) magnetization as a function of the field at T = 5 K; (c) Metamagnetic 
transitions at 35 K; (d) Temperature (T)  dependent  , M divided by the field, H, for MnSi and 
MnSi0.992Ga0.008 measured at H=1 kOe. Inset: pyramidal shaped crystals grown using Ga flux. 
Reproduced from [97] and [98]. 
Sukhanov et al. prepared bulk MnSi1.7 single crystal and found B20 MnSi with a line 
shape embedded into MnSi1.7 matrix shown in Figure 1.9 (a). From magnetic hysteresis loops 
(MH) curves measured at 2 K along [100] and [001] directions in Figure 1.9 (b), the easy axis 
is in the [100] direction and multi-hysteresis is found in this direction, indicating the existence 
of skyrmions [97]. As shown in Figure 1.9 (c), they calculated dM/dH from the MH curve 
measured at 35 K to investigate the transition fields for skyrmions. They also proved the 
skyrmion formation by SANS. Dhital et al. prepared MnSi and MnSi0.992Ga0.008 single crystal 
by the Bridgeman method. They found that the Curie temperature is 29.5 K and the substitution 





Figure 1.10. Magnetic phase diagrams obtained for wedge-shaped (111), (110), and (001) 
MnSi thin plates. (a)–(c) Thickness maps of the (a) (111), (b) (110), and (c) (001) plates, 
respectively. (d)-(f): phase diagrams for (A) thick regions; (g)-(i) for (B) intermediate-
thickness regions between 45 nm and 75 nm; (j)-(l):  for (C) thin regions with thickness below 
45 nm. SkX stands the magnetic skyrmion phase. Reproduced from [96]. 
After the discovering of magnetic skyrmions in bulk MnSi by reciprocal space neutron 
scattering, Yu et al. also studied the formation of skyrmions in thin plate samples obtained from 
bulk crystals by real space LTEM [96]. By this approach, they could investigate the influence 
of plate thickness on the magnetic skyrmions.  The results are shown in Figure 1.10. According 
from the phase diagram dependent on plate thicknesses, it is known that the shape anisotropy 
based on the long ranged magnetic dipolar interaction or finite size effects may play an 
important role on the skyrmion formation window. Additionally, the surface anisotropy 
dominates with increasing the ratio of surface to volume atoms by decreasing the thicknesses. 
The temperature range for stabilizing skyrmion is enlarged. However, these systems do not 





some groups investigated the pressure on skyrmion stability of bulk MnSi single crystals and 
the skyrmion range can be enlarged under external pressure. Therefore, for thin films a different 
magnetic behavior than bulk samples or thin plates is expected, and these differences can be 
attributed solely to the additional anisotropies: strain or/and interface anisotropy.  
1.2.4 B20-MnSi thin film 
Butenko et al. made some theoretical predictions on the stability of skyrmion lattices in a 
strained epitaxial thin film [99], where the strain induces the change of magnetocrystalline 
anisotropy in the film. They predicted that uniaxial anisotropy suppresses the helical and 
conical phases when an in-plane magnetic field is applied, leading to a much broader skyrmion 
stability region than seen in bulk crystals. The potentially broader skyrmion window, combined 
with the modern integration silicon-based electronics, makes the growth of thin films of MnSi 
helimagnets on silicon substrates as an attractive research area. Up to now, the most prominent 
skyrmion phase in bulk B20 materials can only be realized below room temperature and at 
finite magnetic fields. For practical applications, it is necessary to have a stable skyrmion phase 
at room temperature and wide magnetic field range. Thin films are a good avenue for achieving 
these goals, since the size effect can increase the range of temperatures and magnetic fields 
within which skyrmions are stable. 
 
Figure 1.11. A schematic of the epitaxial relationship MnSi[1 1 0]‖Si[112] for MnSi(111) on 
a Si(111) substrate. The lattice mismatch for this geometry is -3.1%. Reproduced from [100]. 
Epitaxial thin films of B20 materials have drawn considerable attention because of their 
improved Curie temperature and skyrmion region [101]. (111)-MnSi thin films on Si(111) 




grown epitaxially by thermal deposition using either solid phase epitaxy (SPE), where Mn or 
a Mn/Si multilayer is annealed to form MnSi films or by molecular beam epitaxy (MBE) [72, 
102-104, 106-108], where Mn and Si are co-deposited simultaneously followed or together 
with annealing at 400 0C. All these processes are in ultra-high vacuum conditions. In the MBE 
case, few monolayers of Mn have to be annealed on the Si substrate to form a MnSi seed layer 
before co-deposition of Mn and Si. MnSi typically grows along its <111> direction on Si(111) 
substrates. To overcome the large lattice mismatch between MnSi with aMnSi = 4.561 Å and Si 
with aSi = 5.431 Å, MnSi grows with a lattice rotation of 30
0 and its <11 0> is parallel to Si 
<112 > of the Si substrate. This orientation relationship of the MnSi film and Si substrates is 
shown in Figure 1.11. This orientation relation leads to tensile strain of (aMnSi −aSicos(30
0))/aSi 
= −3.1%. With respect to the lattice mismatch, the rotation of 300 can be left or right. Thus the 
reported MnSi thin films have twins between 300 rotations of left and right, indicating the 
double chirality. 
 
Figure 1.12. X-ray diffraction patterns of MnSi films on Si(111). An overview 2θ−ω scan for 
the 300-Å-thick sample shows the peaks for the MnSi film and Si substrate. The inset shows the 
enlarged MnSi(111) peaks for the films prepared under different conditions. Azimuthal ∅-
scans of asymmetric Si and MnSi XRD reflections. Two different MnSi domains are labeled by 
1 and 2. (b) Si {400}, (b) MnSi {400}, (d) MnSi {210}, and (e) MnSi {21̅ 0}. Reproduced from 





The most studied B20 MnSi thin films are grown on Si(111) substrates. As shown in 
Figure 1.12 (a), Figueroa et al. measured XRD for epitaxial MnSi films [108]. The MnSi(111) 
and (222) Bragg peaks can be detected, indicating epitaxial growth. With increasing the 
thickness of MnSi films, the Bragg peaks become sharp, indicating an excellent crystal quality. 
Trabel et al have investigated the orientation relation of MnSi film and Si substrate, as shown 
in Figure 1.12 (b-e) and found that the MnSi rotates 300 with respect to the substrate to reduce 
the lattice mismatch [109]. They also found 6 peaks for MnSi(400) while only 3 peaks for 
Si(400), indicating that MnSi film has crystalline twins. In the {2 10} direction, since the left 
hand and right hand rotated twins stay at the same azimuthal position, thus no extra peak is 
detected. However, in the {2 1̅ 0} direction, domains 1 and 2 locate at different ∅ degrees and 
the result shows 12 peaks (see Figure 1.12(e)). 
Daisuke et al. succeeded in visualizing the domain structure of the chirality and axis 
orientation of a MnSi thin film by using a combination of transmission electron microscopy 
and x-ray reflectivity measurement [69]. Two types of domains were found for MnSi films 
grown on a Si(111) substrate. Since the magnetic skyrmion cannot move across the chiral 
domain boundary, the characterization and understanding of chiral twin structure in the film 
are important for exploring skyrmion behavior. The determination of crystal chirality is very 
important to the determination of spin chirality, which is one-to-one correspondence to the 
crystal chirality. For the bulk B20 MnSi, it is known that the left-hand chirality exists due to 
the absence of substrate and it is easy to determinate the chirality in bulk materials [5]. However, 
B20 MnSi thin films always contain double chirality due to the twin structure. In the case of 
the chiral twin state, a method for the spin helicity determination using a probe with a spatial 
resolution worse than the typical size of domains such as neutron scattering cannot determine 
the chirality for each single domain. Thus to analyse the chirality and a chiral domain in thin 
films, a method with nanometer resolution like transmission electron microscopy (TEM) and/or 
electron backscattering diffraction (EBSD) is required. In theory, EBSD can also identify the 
crystal-chirality domain by a comparison with simulation using dynamical scattering theory. 






Figure 1.13. (a) and (b) show plane-view TEM dark-field images of a 17.6-nm-thick MnSi film. 
The complementary (01̅2) and (1̅02) reflections were used in (a) and (b), respectively, which 
have opposite contrast for opposite crystal chiralities. (c) Dark field TEM overview. (d) 
HAADF-STEM image. (e) Enlargement from (d) showing one of the twin domains. Simulations 
of both regions are shown inside the red and red/blue rectangles.  Reproduced from [105] and 
[109]. 
Karhu et al. first reported the chiral domain structure in a MnSi thin film by the contrast 
in dark-field TEM images shown in Figure 1.13 (a) and (b) [105]. However, this report included 
an error for indexing and a misunderstanding. To determine the chiral structure, a quantitative 
comparison is needed in the case of TEM observation. However, no evidence was provided in 
the report that the observed dark-field TEM images should be attributed to the enantiomorphic 
twins before. In principle the positions of diffraction spots are not related to the crystal chirality. 
Convergent-beam electron diffraction (CBED) is another tool for investigating the chirality. 
Nonetheless, it is difficult to distinguish the handedness of a MnSi thin film grown on a 
substrate with [111] orientation because the intensity of the electron diffraction from the thin 
film is strongly affected by the substrate. Thus the thickness of film must be thicker than ten 
nanometers to detect a significant difference between the two enantiomers. In a later study, 
Trabel et al. reported the chiral domain structure with 200 nm combining TEM (Figure 1.13 
(c)) and XRD (Figure 1.12 (b-e)) measurements on a 17 nm B20 MnSi film [109]. One of the 
twin domains and a region in which both overlap are marked red and red/blue rectangles, 
respectively, in Figure 1.13 (e). They found the chiral domain structure with rotated crystal 





The magnetic properties of MnSi films have also been well investigated. Figure 1.14 (a-
c) shows the magnetization of MnSi films with different thickness [106]. All these three films 
with different thicknesses show a similar saturation magnetization of around 163 kA/m. With 
increasing the thickness from 11.6 nm (Figure 1.14 (a)) to 26.7 nm (Figure 1.14 (c)), two 
transition fields are emergent since the skyrmion size in MnSi is around 18 nm. To better 
observe the transitions of different magnetic structure, Wilson et al. did the calculation of 
dM/dH from MH curves shown in Figure 1.14 (d). The peak of dM/dH curves indicates these 
critical fields of different magnetic phases. They also measured the out-of-plane strain by XRD 
and in-plane strain by TEM technique as a function of thickness. They found the in-plane and 
out-of-plane strain in these samples prepared by different methods have a big difference. The 
MBE grown samples show a slightly higher in-plane strain between 0.5% and 1.2% and slightly 
higher absolute values of out-of-plane strain between 0.25% and -0.5%. They concluded that 
the change of strain affects the Curie temperature (Figure 1.14 (e)) which is found to be around 





Figure 1.14. M-H curves of MnSi thin films with an in-plane field applied along [110] (filled 
points) and out-of-plane field along [111] (open points) measured at 5 K. The film thicknesses 
are d = 11.6 nm (a), 17.6 nm (b), and 26.7 nm (c). M-H curves (squares) and dM/dH (triangles) 
for d = 26.7 nm film for increasing (red filled points) and decreasing (blue open points) 
magnetic field at 15 K (d). The elliptic skyrmion (Sk), helicoid (H), elliptic cone (C), and 
ferromagnetic (F) regions are labeled.  (e) The open symbols show the remanent magnetization 
of MnSi films, measured on warming the sample. The filled symbols show the field-cooled 
magnetization together with power-law fits, shown by the thick solid lines. The data labeled 
with ‘annealed’ corresponds to a sample that was heated ex situ at 400 °C for 1 h. Reproduced 
from [102, 106]. 
Meynell et al. investigated the magnetic skyrmion phase in MnSi films. They plotted the 
phase diagram for a MnSi film of around 26 nm by using magnetometry measurement, planar 
Hall effect (PHE) and polarized neutron reflectometry (PNR) as shown in Figure 1.15 [110]. 
With increasing the magnetic field to Hβ, the magnetic state starts to change from Helicoid to 
Helicoid+Skyrmion. With further increasing the field to critical filed Hα1, all helicoids change 
into whirling skyrmion, which can be stabilized at the range from Hα1 to Hα2. Compared with 
bulk MnSi, the temperature and magnetic field window for stabilizing skyrmion are enlarged. 
The Curie temperature of MnSi thin films are increased to around 43 K. Skyrmions can be 
stabilized not only in the range near the Curie temperature but also in the much lower 
temperature shown in Figure 1.15. Moreover, due to the anisotropy induced by strain, B20 






Figure 1.15 The phase diagram for a MnSi/Si(111) film with H‖[11̅0]. The filled (unfilled) 
circles correspond to peaks in dM/dH measured in decreasing (increasing) magnetic fields for 
sample of 26.7 nm thick. The blue squares are minima in d2M/dH2 for increasing magnetic 
fields [101]. The polarized neutron reflectometry (PNR) experiments were performed in 
successively decreasing magnetic fields at the (H, T) points shown by the yellow stars and by 
the yellow triangles (Ref. [111]). The cyan-colored area taken from Ref. [112] shows the region 
where a drop in the planar Hall effect (PHE) signal is observed in a similar d = 26-nm sample 
measured in a decreasing field. Reproduced from [110]. 
Regarding the mixture with other Mn-silicide phases, Karhu et al. found that the formation 
of MnSi1.7 precipitates with a diameter of up to a few hundred nm is difficult to avoid. One 
typical MnSi1.7 precipitate is shown in Figure 1.16 [105]. As shown in Figure 1.7 of the phase 
diagram, it is found that the MnSi1.7 precipitate can coexist with B20 MnSi due to its lower 
crystalline temperature and the endless supply of Si from substrates. In the work on higher 
manganese silicides, they also found B20 MnSi always precipitates as a second phase and 
deteriorates the thermal properties of higher manganese silicides. Karhu et al. found that B20 
MnSi films with volume fractions of MnSi1.7 up to 11% still show a similar Tc of 41.4–44.0K. 
They concluded the precipitates of MnSi1.7 do not affect the magnetic properties of MnSi films. 
However, the preparation of thin film materials with high purity is a prerequisite for preferred 




and how does this MnSi1.7 impurities affect the magnetic properties and the skyrmion phase are 
very important prerequisites for condensed matter physics and future applications. 
 
Figure 1.16. Cross-section bright-field TEM image of the 39.5-nm-thick MnSi film showing 
one of the MnSi1.7 precipitates. Reproduced from [105]. 
As we discussed, B20 MnSi films were mostly prepared on Si(111) substrates. Due to the 
symmetry, the growth of MnSi films on Si(100) substrates is difficult and has not been reported 
so far as our knowledge. 
1.2.5 B20-MnSi nanowire 
It is known that the skyrmion lattice in bulk MnSi appears only in a small region (known 
as the A phase) of the magnetic field–temperature (H–T) phase diagram in bulk samples, while 
in thin films, the skyrmion phase is much more robust. It is of great interest to investigate the 
properties of quasi-1D MnSi nanowires (NW) to see the effect of an extra dimensionality 
limitation [6, 73, 113-118]. The persistence of the skyrmion ordering in one-dimensional MnSi 
nanowires may be very promising for spintronics applications as the magnetic domains and 
individual skyrmion could be manipulated with small currents. Recently, several reports have 
appeared about the successful synthesis of high-quality MnSi nanowires via chemical vapor 
deposition, using MnCl2 or Mn vapor as a precursor gas. 
Du et al. prepared MnSi NW and investigated the formation of skyrmions by transport 
measurement [115, 117]. They also found an expanded skyrmion window and improved Curie 
temperature up to around 32 K. A single wire with a smooth (111) surface and a diameter of 
40 nm (larger than the theoretical size of skyrmion in MnSi materials) was measured by 
scanning electron microscopy and shown in Figure 1.17 (a). They used the four-probe method 
to measure the resistance and magnetoresistance (MR) of individual NWs at 0 and 5 kOe, 





temperature, which is consistent with bulk MnSi and lower than MnSi film. They also 
measured MR of thicker NW with a diameter of 410 nm. Interestingly, this thicker NW has a 
higher Curie temperature up to 32 K, when the anomalous behavior in magnetoresistance 
disappears shown in Figure 1.17 (c). By calculating the derivative dMR/dH (Figure 1.17 (d)), 
the transition fields of the different magnetic phases are obtained. It is clear that the skyrmion 
phase is further stabilized in MnSi NWs compared to bulk MnSi. 
 
Figure 1.17. (a) A typical scanning electron microscopy (SEM) image of a MnSi NW grown 
along <110>. (b) Temperature dependence of the resistance (black) and magnetoresistance 
(MR; coloured dots) at 0 and 5 kOe, showing a TC of 29 K. (c) Typical variation of the 
normalized MR as a function of external magnetic field H∥ at various temperatures. (d) The 
derivative dMR/dH for the same data in (c). The peak at HA1 indicates the first-order phase 
transition from helimagnetic to skyrmion states. Hc is defined from the kink as the transition 
from the conical phase to FM. Each curve is shifted vertically for clarity. Reproduced from 
[115, 117]. 
In these nanowires, higher manganese silicides are also found to coexist with MnSi.  By 




the highest Curie temperature of around 43 K and the broadest skyrmion region. To achieve 
the application of skyrmion in modern electronics and spintronics, thin films are also the most 
appropriate avenue. However, we must solve the problems of growing MnSi thin films: a) how 
to avoid or minimize the parastic MnSi1.7 phase, b) if one can prepare MnSi films on Si(100) 
substrates and c) how to obtain homochiralical MnSi films. 
1.3 Fast annealing method 
As discussed in previous sections, one critical problem in the growth of MnSi films is the 
presence of the parasitic MnSi1.7 phase [105]. I hypothesize that this problem can probably be 
solved by applying a rapid reaction a higher temperature in contrast to the slow solid-phase 
reaction at low temperature. This idea is borrowed from the preparation of Zr-based bulk 
metallic glass alloys [119]. In this section, I will give a brief review about the development and 
application of rapid heating or flash annealing on various material classes.  
For heating treatment, the heating rate, final annealing temperature, annealing time and 
cooling rate are important parameters. In flash annealing process, we care more about 
heating/cooling rate and annealing temperature. Different from traditional annealing, flash 
annealing is a non-equilibrium process, which can form some non-equilibrium phases and 
selected microstructures. Flash annealing method can refine the grain size, which can improve 
mechanical properties, like, strength, hardness, or magnetic properties, like magnetic 
permeability or saturated magnetization. Fast annealing can also remove the secondary phase 
and extend phase formation window of the desired phases. 
In metallurgy, the thermal processing parameters, particularly the heating and cooling 
rates play a nontrivial role. Fast annealing is a useful method to select desired phases. Figure 
1.18 is the continuous heating transformation diagram of CuZr based bulk metallic glass. There 
are three possible phases by annealing metallic glass. B2-CuZr is one ductile phase, which 
enhances the mechanical properties. However, Cu10Zr7 and CuZr2 are brittle, which deteriorate 
the mechanical properties. However, traditional annealing methods always form Cu10Zr7, 
CuZr2 and B2-CuZr together due to the similar nucleation energy since Cu10Zr7 and CuZr2 are 
low-temperature thermal-equilibrium phases. Kosiba et al. have used flash annealing with 
controlled heating rate and succeeded in separating these phases. From Figure 1.18, we can see 
Cu10Zr7, CuZr2 and B2-CuZr phases appear together when the heating rates is below the critical 





Tg and crystalline temperature Tx increase. By increasing the heating rate, the width of the 
supercooled liquid region can be greatly broadened. 
 
Figure 1.18. Continuous heating transformation diagram for glassy Cu44Zr44Al8Hf2Co2 heated 
at rates between 0.08 and 150 K s−1. At heating rates larger than 16 K s−1, the crystallization 
process is changed from eutectic to polymorphic. A B2 phase CuZr alloy can be obtained. Note 
that at smaller heating rates, this B2-CuZr alloy always transforms to a low temperature 
thermal equilibrium phases including Cu10Zr7 and CuZr2. Figure is from Ref. [120]. 
Controlling the heating and cooling rate during the materials growth provides a promising 
option to separate different phases. It can be understood in the following way. The relationship 
of the nucleation activation energy Q, heating rates ∅ and crystallization temperature Tp can be 







+ 𝐴                                                                                                        (10) 
where R is the gas constant, and A is a constant, respectively. For a particular crystal phase, 
when increasing the heating rates ∅, the crystallization temperature will be shifted to higher 
temperatures and the crystallization temperatures for different phases can be separated, as 
schematically shown in Figure 1.19. In the situation of ultra-fast heating, temperature increases 
too fast so that some phases cannot nucleate. As shown in Figure 1.18 for CuZr-based metallic 




formed and brittle phases (CuZr2 and Cu10Zr7) are suppressed. The fast heating and cooling 
rates make the system-temperature over or below the crystalline temperature for brittle phases 
in a very short time. There is no nucleation time for the brittle phases due to the transient 
heating and cooling processes. This approach also works well for amorphous Fe-based metallic 
glasses.  
 
Figure 1.19. Continuous Heating Transformations (CHT) diagram. The red curves stand for 
annealing processes at different heating rates and the green curves stand for cooling processes. 
The A, B, C, D and E stand for the increasing heating rates. Tlow phase and Thigh phase stand 
for the phase formed at low temperature and high temperature, respectively. When the 
temperature is over critical heating rate D, low temperature phase can be suppressed. If 
cooling process is also very fast, like the left process, the low temperature phase can be avoided. 
This indeed highly motivates that by controlling the heating and cooling rate during the 
reaction between transition metal and Si, we probably can get single-phase B20-phase 
monosilicides thin films, which are not possible by conventional thin film preparation as we 
shown in the previous section. Compared with flashed Zr-based bulk metallic glasses shown 
in Figure 1.18, MnSi is one high temperature phase like B2 CuZr and MnSi1.7 is a low 





1.4 Objectives and the structure of the thesis 
As a canonical example of Skyrmion hosting materials, B20 MnSi has been in focus for 
two decades. Although bulk B20-MnSi compounds are relatively easy to fabricate by rod-
casting furnace or Czochralski method at ambient pressure, the skyrmion can only exist in a 
very narrow temperature and magnetic field window. It would be desirable to have B20-MnSi 
thin films that can stabilize skyrmions in a broader window, and thin film materials are more 
suitable for integrated spintronic device. It is also known that Si(100) has better compatibility 
with complementary metal-oxide-semiconductor (CMOS) technology [123-126]. However, 
there are no reports about B20 MnSi on Si(100) substrates as our knowledge. Furthermore, the 
growth of B20 MnSi on Si(111) substrates always includes the precipitation of second phase 
MnSi1.7.  
Accordingly, the present thesis focuses on the fabrication of MnSi films on both Si(111) 
and Si(100) substrates by flash lamp annealing. The detailed structural, magnetic and magneto-
transport characterization of the obtained MnSi films will be discussed. The thesis is arranged 
in the following way: 
Chapter 1 is an introduction of the state-of-the-art for the investigated material. And 
Chapter 2 includes the brief description for involved experimental techniques, particularly for 
sample preparation.  
The third chapter focuses on the growth and characterization of Mn/Si regrown layers on 
Si(100) substrates. To obtain B20 MnSi, we deposited Mn with thicknesses from 7 nm to 30 
nm and annealed these samples with different annealing parameters. Afterwards, the phase 
compositions of regrown layers are checked by X-ray diffraction (XRD), Raman and TEM. 
The formation of skyrmion and the spin texture is checked by magnetic and transport 
measurements. 
The fourth chapter focuses on the separation of B20 MnSi and MnSi1.7 phases for films 
grown on Si(111). By tuning the annealing parameter, the annealing temperature can be 
adjusted. Afterwards, single B20 MnSi or single MnSi1.7 phases are formed at high and low 
annealing temperature, respectively. The skyrmion window is proved to be enhanced in both 
temperature range or magnetic field range, which is useful for future applications and the 




In the fifth chapter I discuss the Curie temperature of MnSi thin films. We have grown 
MnSi films with a broad variation regarding their structural properties and do not find a 
correlation between the Curie temperature and the structural variants. The problem remains 
unsolved. At the end, I present a short summary and some suggestions for the future work.





2.1 Sample preparation 
2.1.1 DC magnetron sputtering 
Direct current (DC) Sputtering [127] is one kind of thin film physical vapour deposition 
(PVD) coating technique [128, 129]. A target material to be used as the coating is bombarded 
with ionized gas molecules causing atoms to be “sputtered” off into the plasma. These 
vaporized atoms are deposited when they condense as a thin film on the substrate. DC 
magnetron sputtering is the most powerful and inexpensive type of sputtering for metal 
deposition for electrically conductive target coating materials. There are two major advantages 
of using DC as a power source for this process: it is easy to control and it is a low cost option 
if one is doing metal deposition for coating. 
DC magnetron sputtering is used extensively in the semiconductor industry for creating 
microchip circuitry on the atomic size. It is also used for gold sputter coatings of jewellery, 
watches and other decorations, for non-reflective coatings on glass and optical components, 
electrodes, as well as for metalized packaging plastics. In the basic configuration of (if the 
target material to be used as coating) a DC magnetron sputtering coating system is placed in a 
vacuum chamber with target parallel to the substrate. 
The vacuum chamber is evacuated to a base pressure for removing H2O, Air. Then it is 
backfilled with a high purity inert protect gas. The protect gas is usually Argon due to its 
relative large mass and the ability to transport kinetic energy upon impact during high energy 
molecular collisions in the plasma. In the sputtering process, plasma from Ar gas ions is the 
primary driving force of sputter thin film deposition. Typical sputter pressures range from 0.5 
mTorr to 100 mTorr. Then a DC voltage typically in the -2 to -5 kV range is applied to the 
target coating material that is the cathode or the position at which electrons enter the system 
known as the negative bias. A positive charge is also applied to the substrate to be coated (or 
in other words, the anode). The electrically neutral Ar gas atoms are first ionized as a result of 
the forceful collision of these gas atoms onto the surface of the negatively charged target. The 
target will eject atoms off into the plasma – a hot gas‐like state consisting of roughly half gas 




The ionized Ar gas atoms are then driven to the substrate, which is the anode or positively 
biased attracting ionized gas ions, electrons and the vaporized target coating atoms. Those 
vaporized target atoms condense and form a thin film coating on the substrate to be coated, as 
shown in Figure 2.1 (e). 
Though DC magnetron sputtering is on economical solution for different metal coatings, 
it has limitations to deposit ferromagnetic films and non-conducting dielectric insulating 
materials. Compared with traditional nonmagnetic targets, the high magnetic susceptibility of 
ferromagnetic targets like, Fe, Co, Ni, has electromagnetic shielding effects, thus that the 
magnet cannot affect the movement of electrons. Another problem of ferromagnetic targets is 
magnetic pinching of the plasma. There are different methods to solve the problem of 
depositing ferromagnetic films by sputtering: (1) Target design and improvement; (2) 
Enhanced magnetic field source for magnetron sputtering cathodes; (3) Reduce the magnetic 
permeability of the target; (4) Design a new magnetron sputtering system; (5) Design a new 
sputtering cathode device. 
Non-conducting dielectric insulating materials accumulate charge, which can result in 
some quality issues like arcing, or the poisoning. The target material with a charge can result 
in the complete cessation of sputtering. To overcome these limitations of DC magnetron 
sputtering, several more complicated technologies have been developed such as Radio 
Frequency (RF) Sputtering, and High Power Impulse Magnetron Sputtering (HIPIMS) [130, 
131]. RF sputtering alternates the electrical charge at a radio frequency to prevent a charge 
build up on the target or the coating material. HIPIMS utilizes a very high voltage, short 
duration burst of energy focused on the target coating material to generate a high density 
plasma. This can result in a much high degree of ionization of the coating material in the plasma. 
Therefore, HIPIMS usually has much higher deposition rate than the simple DC magnetron 
sputtering. 
However, the power sources for RF or HIPMIS require much more complicated 
configuration, cabling and higher energy costs.  DC magnetron sputtering is still the low-cost 
solution for many types of vacuum metal deposition like gold sputtering and other electrically 
conductive coatings. 





Figure 2.1. Schematic of DC magnetron sputtering combined with Flash Lamp Annealing g: 
(a) target and current controller, (b) substrate carrier, (c) flash lamp annealing chamber, (d) 
pre-heating system; (e) Schematic of DC magnetron sputtering process. Reproduced from 
[132]. 
The schematic of our DC magnetron sputtering is shown in Figure 2.1. We combine flash 
lamp annealing with DC magnetron sputtering to minimize the oxidation. Preparation of 
transition metals silicide films is our research object and I focus on MnSi. The transition metals 
oxidize very quickly, especially for the Mn element. Other transition metals like Fe and Co can 
form a thin oxide layer to prevent the further oxidizing. However, Mn will oxidize until it runs 
out. So the Mn target should be stored carefully. The deposition and annealing process must be 
performed in high vacuum condition without breaking the vacuum. Before depositing the Mn 
onto the Si substrate, the native SiO2 from the Si substrate is removed by dipping into HF for 
5 seconds. After that, the Si substrate is cleaned by acetone and alcohol. Then it is put into the 
vacuum chamber of sputtering as soon as possible. As shown in Figure 2.1, our sputtering 
chamber includes two targets and a current controller at (a), which can adjust the deposition 
rate. Part (b) is the sample carrier, which can be moved by 6 motors below. Part (c) is the flash 
lamp chamber, which can in-situ anneal the deposited film. Part (d) is the pre-heating system, 
which can reach a temperature of around 300 oC to remove H2O attached to the substrates. The 
Mn target is installed at the right of this device, shown in (a) of Figure 2.1. Before sputtering, 
the Mn target will be pre-sputtered for 5 min to remove the oxide surface. Then the Si substrate 
on the sample carrier (b) will be moved in a reciprocating manner in the chamber to make sure 
the homogeneous deposition. The deposition rate was calibrated and we have deposited 7, 15, 




2.1.2 Sub-second annealing 
 
Figure 2.2 Schematic of pulsed laser melting: the laser has a wavelength of 308 nm and a 
pulsed duration of 30 ns. 
In our group, we have two kinds of sub-second annealing methods. One is pulsed laser 
melting, which allows for a liquid epitaxy growth and another one is flash lamp annealing, a 
solid epitaxy growth method. Figure 2.2 shows the schematic of pulsed laser melting (PLM) 
[133]. The laser is generated by XeCl excimer gas and the energy can be adjusted by the 
attenuator or by adjusting the angle of two glasses, which controls the intensity of incident 
laser. The beam then passes through the beam shaping optics and a homogenized beam of 5 
mm x 5 mm is obtained and can be applied to the surface of sample. PLM is a fast annealing 
on nanosecond time scale, which is a promising tool to achieve high doping concentration for 
semiconductor materials by liquid-phase epitaxy. The surface layer can be molten and 
recrystallized in nanoseconds. Dopant segregation, surface evaporation, and cellular 
breakdown always happen in the traditional annealing methods due to the long annealing time. 
However, this nanosecond PLM can inhibit these problems mentioned above. We try to use 
this method to form B20 MnSi films. The operation was at atmosphere. Thus O can react with 
our samples. We have tried to anneal our films with energy density of 50, 100, 150, 200 and 
250 J/cm3. Unfortunately, this method did not succeed in fabricating B20 MnSi films, while 
higher manganese silicides and Mn oxides can be formed. 





Figure 2.3. (a) Schematic of flash lamp annealing. (b) Time-integrated spectrum of a 3 ms flash 
from lamps filled with Xe or Kr at a pressure of 575 Torr. Reproduced from [124]. 
Figure 2.3 (a) shows the schematic of flash lamp annealing (FLA). FLA is a fast annealing 
on millisecond time scale, which is also a promising tool to achieve high doping concentrations 
semiconductor materials by solid-phase epitaxy. The FLA system consists of a reflector, a bank 
of Xe flash lamps, a wafer holder, two pieces of quartz plate and a preheating module. The 12 
side-by-side connected Xe lamps with 30 cm can provide a large area of uniform flash. That 
makes FLA suitable for large-scale processing, up to 4 inch wafer. The operation process of 
FLA can be performed at N2 or other gas flow, which can protect the sample from oxidizing 
continuously. The flash lamp and the processing chamber are separated, because the lamps 
should not be affected by sublimated or evaporated materials, and samples can be protected 
even if the bulb explodes or breaks. The reflector is designed to obtain the uniform temperature 
of the wafer. The preheating system consisting of a continuous halogen array that is installed 
under the sample processing chamber to increase the temperature of sample for high 
temperature reaction. When the temperature gradient between the front and backside is reduced, 
the preheating system enables high peak temperatures. This temperature gradient reduction 
prevents the accumulation of harmful stress levels in the substrate due to different thermal 
expansion of the front and backside. The sample processing chamber consists of two sheets of 
quartz panels for near ultraviolet and visible light, which separates the air and the protective 
atmosphere filled inside. The water-cooled annealing chamber can introduce different gases 
and the annealing can be carried out under different ambient gases. Figure 2.3 (b) displays the 





The pulsed energy of FLA is adjusted by voltage, which can charge and discharge the 
capacitor. The flash pulse duration depends on the discharge R-C circuit. The voltage applied 
to the parallelly connected flash lamps decays exponentially. The formula is as follows:  
V(t) = V0˙e
-t/RC                                                                                                                          (11)  
where 𝑉0 is the capacitor voltage at t = 0, R is the resistance of the discharge circuit, C is the 
capacitance of the discharge circuit. The discharge time can be extended by enhancing the 
resistance and / or capacitance in the circuit. The pulse duration range of our FLA is from 100 
μs to 100 ms. I used the pulse durations of 3 ms, 6 ms and 20 ms in this thesis. The energy 
fluences of FLA for 3 ms and 20 ms flash are about 100 J/cm2 and 250 J/cm2, respectively. By 
charging and discharging the capacitor, the flash lamps can produce high density light. The 
sample can absorb and reflect the light. The temperature of samples is increased by absorbing 
this light. The absorbed energy density A can be calculated by the equation:  
𝐴 = (1 − 𝑅𝑆)Γ𝐸𝐷                                                                                                                    (12) 
Where 𝐸𝐷 is the incoming energy density, 𝑅𝑆 is the average reflectance of the sample and Γ is 
the correction for chamber wall reflections. The incoming energy density can be regulated by 
the voltage. The corresponding equilibrium temperature 𝑇𝑒𝑞𝑢 of the surface can be calculated 
by the following equation: 
𝑇𝑒𝑞𝑢 ≈ 𝑇0 +
𝐴
𝐶𝑝𝜌𝑑
                                                                                                                      (13) 
where 𝑇0  is the starting temperature (either room temperature or a certain preheating 
temperature), 𝐶𝑝 is the specific heat capacity of the sample, d is the sample thickness, and 𝜌 is 
the mass density. This approximation assumes that the temperature dependence of 𝐶𝑝  is 
negligible and that heat dissipation by radiation or convection takes place on a time scale much 
longer than the pulse length. The final temperature of the annealed surface layer could reach 
more than 2000 K depending on the intensity of the light flash and the absorbance of the 
annealed material.  





Figure 2.4. (a) The surface and backside annealing temperatures dependent on time with 3 ms 
pulse flash and 100 J cm-2 (b) the surface temperature dependent on time after pulses with 
different durations and 60 J cm-2. Reproduced from [124, 134]. 
The time-dependent temperatures for a pure silicon wafer with 275 μm thickness from 
surface and backside are shown in Figure 2.4 (a). Two sides reach the same equilibrium 
temperature after around 13 ms. The time-dependent surface-temperature after flash pulse with 
the pulse duration of 6 ms, 12.5 ms and 20 ms is given in Figure 2.4 (b). If the energy density 
is the same, with a short pulse, the surface temperature goes higher than with a long pulse and 
the equilibrium temperature stays constant after around 40 ms [1]. Some thermal induced 
negative effects (oxidation, decomposition and defect generation) can be minimized by FLA. 
In this thesis, I mainly used FLA as the annealing tool. 
As shown in Figure 2.5 for Mn films deposited on Si, depending on the annealing 
temperature, two reactions can happen for our samples at the same time [133]. In this process, 
diffusion and nucleation happen at the same time. Because the size of Si atoms is smaller than 
Mn, Si diffuses into Mn much more easily. The diffusion of Si dominates the phase formation 
process. One reaction is that Mn and Si atoms react and form MnSi1.7 directly, as shown by 
reaction equation (14) and Figure 2.5. Another reaction can form B20 MnSi at the beginning, 
as shown by reaction equation (15). However, due to the Si wafer can provide endless Si atoms, 
MnSi can react with the diffused Si atom, forming Si rich phase, namely MnSi1.7, as shown by 




MnSi. So most of MnSi thin films contain MnSi1.7 impurities. This is also true for MnSi films 
grown by other solid state reaction or molecular beam epitaxy. As known from the mechanism 
of fast annealing on phase separation, this method can promote the reaction equation (15) and 
inhibit the reaction equation (14) and (16) by controlling the different annealing temperatures 
with ultra-fast heating rates. The sample was annealed from the surface and can reach over 
2000 K in some milliseonds. The fast non-equilibrium process attains the temperature, where 
B20 MnSi can nucleate in milliseconds. Moreover, by properly selecting flash power, the 
nucleation of the extra MnSi1.7 phase can be successfully suppressed due to the high heating 
rate.  
 
Figure 2.5. Schematic of atom diffusion and reaction. The red circle and blue circle stand the 
Si and Mn atom, respectively. The upper picture is the reaction (14) for forming MnSi1.7 directly. 
The down left shows the reaction (15) for forming B20 MnSi directly. The down right picture 
shows the reaction (6) that MnSi reacts with extra Si forming MnSi1.7. 
Mn +  1.7Si →  MnSi1.7                                                                                               (14) 
Mn + Si → MnSi                                                                                                            (15) 
MnSi +  0.7Si →  MnSi1.7                                                                                            (16) 




2.2 Structure characterization: X-ray diffraction 
 
Figure 2.6. Schematic of X-ray diffraction. Reproduced from [135]. 
To analyse the crystal phases of the FLA-treated Mn/Si film, X-ray diffraction (XRD) was 
measured. XRD was performed by a Bruker D8 Advance diffractometer. Bragg-Brentano-
geometry with a graphite secondary monochromator and a scintillator was used in this Bruker 
D8 setup [1]. Small angle grazing incidence XRD measurements were conducted using a Smart 
Lab diffractometer from Rigaku, equipped with a rotating Cu-anode operated at 9 kW. XRD 
in the θ-2θ geometry and grazing-incidence XRD (GIXRD) was performed to probe the 
crystallization and crystallite size and we  always use a parallel beam. For the sample grown 
on Si(100) substrate, the MnSi film is polycrystalline and the XRD peaks measured by D8 are 
very weak. Thus the grazing-incidence XRD was applied on these samples. In contrary, the 
samples on Si(111) substrate are always textured. Thus D8 can detect the crystal products. For 
the MnSi epitaxy film, we also measured the azimuthal-angle scans (phi scan) and pole figure 
to determine the crystal symmetry. 
The schematic of X-ray diffraction is shown in Figure 2.6. X-ray diffractometers consist 
of three basic elements: an X-ray tube, a sample holder, and an X-ray detector. X-rays are 
generated in a cathode ray tube by heating a filament to produce electrons, accelerating the 
electrons toward a target by applying a voltage, and bombarding the target material with 
electrons. When electrons have sufficient energy to dislodge inner shell electrons of the target 
material, characteristic X-ray spectra are produced. These spectra consist of several 
components. The most common components are Kα and Kβ. Kα consists, in part, of Kα1 and Kα2. 




wavelengths are characteristic of the target material (Cu, Fe, Mo, Cr). Filtering, by foils or 
crystal monochromators, is required to produce monochromatic X-rays needed for diffraction. 
Kα1and Kα2 are sufficiently close in wavelength such that a weighted average of the two is used. 
Copper is the most common target material for single-crystal diffraction, with Cu Kα 
wavelength = 1.5418 Å. These X-rays are collimated and directed onto the sample. For θ-2θ 
scans, as the sample or the X-ray source and the detector are rotated, the intensity of the 
reflected X-rays is recorded. When the geometry of the incident X-rays impinging the sample 
satisfies the Bragg Equation, constructive interference occurs and a peak in intensity occurs. A 
detector records and processes this X-ray signal and converts the signal to a count rate as the 
output signal. The geometry of an X-ray diffractometer is such that the sample rotates (or in 
relative) in the path of the collimated X-ray beam at an angle θ while the X-ray detector is 
mounted on an arm to collect the diffracted X-rays and rotates at an angle of 2θ. To enhance 
the detection sensitivity for thin film samples, small angle grazing incident XRD can be used. 
For that, X-rays enter the sample at a small grazing angle and can have interact with a larger 
volume of the detected film. The incident angle is fixed and only the detector (2θ is moving). 
2.3 Property characterization 
2.3.1 Magnetic properties 
In this thesis, all the magnetic properties are measured by a commercial vibrating sample 
magnetometer equipped with a superconducting quantum interference device (SQUID-VSM). 
First the liquid helium consumption is about 5 L per day which is much less than for the old 
generation SQUID-MPMS (magnetic property measurement system) due to the special design 
and the protection by liquid nitrogen. Second, less than 15 mins are required to bring the 
temperature from 300 K down to 5 K since the heating and cooling rate can reach 35 K/s. This 
is also much faster than SQUID-MPMS. Third, the measurement speed is 5-6 times faster with 
the same sensitivity due to the advanced detection system. The setup is shown in Figure 2.10(a). 





Figure 2.10. Superconducting quantum interference device Vibrating Sample Magnetometer 
(a) and schematic for the signal pickup (b). Reproduced from [136]. 
Figure 2.10(b) illustrates a simplified process of the detection for SQUID-VSM. The 
superconducting coil can produce an external magnetic field Bext up to 7 T with a direction 
parallel to the sample moving direction. The superconducting detection coils are composed of 
a second-order gradiometer. This superconducting detection coils usually detects the change of 
magnetic flux created by mechanically moving the sample through a superconducting pick-up 
coil which is converted to a voltage. Only an induced current by a disturbance to the 
corresponding uniform magnetic field will be detected. That is related to the sample. Then, the 
current is coupled to SQUID for measurement. The SQUID converts the current to voltage with 
high sensitivity. This device is sensitive to 1x10-8 emu. If the signal is too weak, there will be 
some errors arising from the sample geometry or sample holder. 
For measuring the sample, several procedures should be done. First for sample mounting, 
a quartz sample holder is used for bulk or thin film samples and a brass sample holder is used 
or powder samples loaded into a capsule. Since the magnetic field is parallel to the sample 
moving direction (perpendicular to the ground), my thin film samples can be glued to the quartz 
sample holder with a parallel or perpendicular direction, namely for in-plane or out-of-plane 
measurements, respectively. For the in-plane measurement, the sample size should be smaller 




mm2. The position of the sample on quartz should be 66±3 mm from the end of the sample 
holder. The sample holders and the sample position for the VSM are shown in Figure 2.11(a). 
 
Figure 2.11. (a) Sample holders and the sample position for SQUID-VSM measurements, (b) 
a center scan for a ferromagnetic sample and (c) a center scan for a diamagnetic sample. 
Afterwards, the sample should be centred by performing measurements along the length 
to get the sample position. To get the real position, the cenetring process is always repeated 
three times with the vibration amplitude of 1, 2 and 4 mm to get the real position. From the 
cenetring process, we can get two informations. First, if there is a positive peak shown in Figure 
2.11(b), it means this material is paramagnetic or ferromagnetic. If there is a negative valley as 
shown in Figure 2.11(c), it indicates the material is diamagnetic or the measurement 
temperature is far above the Curie temperature. Second, from the moment value, one can 
calculate the magnetic susceptibility roughly. After centring, one can start to measure the 
sample by entering the measurement sequence. The sequence can include the variation of 
magnetic field and temperature. The details are included in the subchapters of this thesis. 




2.3.2 Magneto-transport properties 
The magnetic field- and temperature-dependent electrical properties of a material reflect 
its electronic and magnetic structure. In my thesis, we have measured the temperature-
dependent magnetoresistance to obtain the Curie temperature. The magnetic-field dependent 
magnetoresistance is also measured to get the spin texture transition. It is known that B20 MnSi 
can host Skyrmions, which produces a topological Hall effect. 
Figure 2.12 (a) Van der Pauw geometry and (b-d) Hall bar geometry. 
Here, a fully integrated Hall measurement system (HMS) Model 9700A from Lake Shore 
is used to characterize electrical properties, i.e. magnetoresistance, Hall resistance, and 
temperature dependent sheet resistance with or without magnetic field. For all electrical 
measurements, a sample resistance ranging from 0.04 mΩ to 200 GΩ is within the detection 
limits of our setup. When measuring the magnetoresistance and Hall effect, a superconducting 
magnet is employed to set the magnetic field up to ±7 T, and the temperature can be varied 
from 1.8 to 400 K by liquid Helium cooling. There are four types geometry for the Hall 




shown in Figure 2.12. For my materials, I always use Van der Pauw method to measure the 
resistance and Hall Effect. 
After flash lamp annealing, we check the crystalline quality of the regrown layers by 
Raman and XRD. Then we select the samples for the magneto-transport measurements. Before 
measurement, we need to prepare four electrodes for the 5×5 mm2 sample at the corners for to 
the Van der Pauw geometry. Either Indium or silver pastes connect the silver wire to the sample. 
Tin welding can connect the other end of the silver wire to the metal cylinder of the sample 
holder. Since my samples have good conductivity compared with semiconductor materials, we 
can easily get good Ohmic contacts. For magnetic materials, from the resistance dependent 
temperature curves, one can calculate dR/dT, which has one peak indicating the magnetic 
transition temperature. From the temperature dependent magnetoresistance, we also can find 
there is a valley around the Curie temperature. Below the Curie temperature, it shows negative 
magnetoresistance due to the ferromagnetic nature of my samples.




3. B20-MnSi films grown on Si(100) substrates with magnetic 
skyrmion signature 
Magnetic skyrmions have been suggested as information carriers for future spintronic 
devices. As the first material with experimentally confirmed skyrmions, B20-type MnSi has 
the research focus for decades. Although B20-MnSi films have been successfully grown on 
Si(111) substrates, there is no report about B20-MnSi films on Si(100) substrates, which would 
be more preferred for practical applications. In this chapter, we present the first preparation of 
B20-MnSi on Si(100) substrates. It is realized by sub-second solid-state reaction between Mn 
and Si via flash-lamp annealing at ambient pressure. The regrown layer shows an enhanced 
Curie temperature of 43 K compared with bulk B20-MnSi. The magnetic skyrmion signature 
is proved in our films by magnetic and transport measurements. The millisecond-range flash 
annealing provides a promising avenue for the fabrication of Si-based skyrmionic devices. 
 
The results presented here are under preparation for publication: Z. C. Li, Y. Yuan, R. 
Hübner, V, Begeza, L. Rebohle, M. Helm, K. Nielsch, S, Prucnal S. Q. Zhou, B20-MnSi films 
grown on Si(100) substrates with magnetic Skyrmion signature. The TEM measurements were 
done by R. Hübner. All other measurements were done by the thesis author. The thesis author 
also analyzed all data and wrote the manuscript. 
 
3.1 Introduction 
In noncentrosymmetric magnetic materials, the Dzyaloshinskii Moriya (DM) interaction 
can cause spins to arrange non-collinearly [99, 137, 138] and together with the ferromagnetic 
exchange interaction, it results in a whirling domain structure called skyrmions [44, 139-142].  
Due to the small size and smaller motion energy for skyrmions, they can be used in new 
generation integrated storage devices [40, 143]. Magnetic skyrmions were experimentally 
observed for the first time in bulk ferromagnetic B20-type MnSi [5]. Afterwards, a lot of effort 
has been devoted to the growth of B20-MnSi thin films [72, 100, 101, 142]. Due to the small 
lattice mismatch, the films were mostly grown on Si(111) substrates. For instance, B20-MnSi 
films on Si(111) were successfully prepared by molecular beam epitaxy (MBE) [100, 101, 144], 
by solid-state phase epitaxy (SPE) [72, 102], and magnetron sputtering [145]. In most of the 
cases, MnSi films grown on Si(111) show a Curie temperature of around 43 K, i.e. much higher 
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than the 29.5 K for bulk MnSi. However, so far, there has been no report about the formation 
of B20-MnSi on Si(100) substrate, which is more preferred for spintronic devices due its 
compatibility with complementary metal-oxide-semiconductor (CMOS) technology [146]. It 
seems that the growth of B20-MnSi on Si(100) is not possible due to the large mismatch of 16% 
[147]. Indeed, the MnSi1.7 phase is more easily grown on Si(100) substrates and captures 
researchers' attention due to its excellent thermoelectric properties [148, 149]. MnSi1.7 films 
were prepared on Si(100) by SPE [150] and MBE [151]. Furthermore, Wu et al. and Kahwaji 
et al. found that B2-MnSi can be formed on Si(100) substrates [152, 153]. However, B2 MnSi 
can not host skyrmions since it is centrosymmetric [153]. The absence of B20-MnSi on Si(100) 
substrates significantly limits the application of skyrmions in integrated spintronics devices. 
Therefore, it is desire to search for different growth approaches for B20-MnSi on Si(100) 
substrates. Xie et al. have demonstrated the growth of Mn5Ge3 films on Ge(100) by millisecond 
solid-state reaction between Mn and Ge via flash-lamp annealing [154]. Note that, by normal 
solid-state reaction Mn5Ge3 is more easily formed on Ge(111) substrates [155]. This therefore 
suggests that a non-equilibrium annealing method could allow for the nucleation of a crystalline 
phase, which is otherwise not favourable under thermal equilibrium condition.  
In this chapter, we use millisecond flash-lamp annealing induced solid-phase reaction to 
synthesize B20-MnSi films. We show that the nucleation of B20-MnSi on Si(100) substrates is 
possible, leading to a continuous polycrystalline thin film, although the MnSi1.7 parasitic phase 
cannot be eliminated. The Curie temperature of the fabricated films, compared to bulk B20-
MnSi, increases to around 43 K. The characteristic signature of magnetic skyrmions in our 
MnSi thin films is proved by magnetization and magneto-transport measurements [101]. The 
skyrmions can be stabilized from 1000 Oe to 7000 Oe at the whole temperature range below 
43 K.   
3.2 Experiment 
To grow B20-MnSi films, we first deposited Mn films with thicknesses from 7 nm to 30 
nm on Si(100) substrates by magnetron sputtering. Afterwards, millisecond flash-lamp 
annealing (FLA) with 20 ms pulse duration in a continuous N2 flow was used to heat the sample 
and to trigger the solid-phase reaction between Mn and Si [124]. The thickness of the formed 
MnSi films is from around 14 nm to 60 nm, i.e. around the twice of the deposited Mn films as 
checked by transmission electron microscopy. Such a non-equilibrium process leads to a very 
high phase formation speed, which makes it possible to realize non-equilibrium materials 




phases, like B20-MnSi on Si(100), which is otherwise not possible under thermal equilibrium. 
The topography of the regrown layers was observed by visible-light microscopy. To analyze 
the microstructure of the FLA-treated MnSi films, micro-Raman spectroscopy and 
transmission electron microscopy (TEM) were employed. The micro-Raman experiments were 
done using a Horiba micro-Raman system with the excitation wavelength of 532 nm, and the 
signal was recorded with a liquid-nitrogen-cooled silicon CCD camera. Bright-field and high-
resolution TEM images were recorded with an image-Cs-corrected Titan 80-300 microscope 
(FEI) operated at an accelerating voltage of 300 kV. High-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) imaging and spectrum imaging analysis 
based on energy-dispersive X-ray spectroscopy (EDXS) were performed with a Talos F200X 
microscope (FEI) operated at 200 kV to obtain the element composition. The magnetic 
properties of the films were measured by a superconducting quantum interference device 
equipped with a vibrating sample magnetometer (SQUID-VSM) with the field parallel (in-
plane) to the films. The transport properties of MnSi films were investigated by a Lake Shore 
Hall measurement system. Magnetic-field (in-plane) dependent resistance was measured 
between 5 and 45 K using the van der Pauw geometry. 
3.3 Results and Discussions 
 
 Figure 3.1. (a) Visible-light microscopy image of the sample annealed from a 30-nm-thick Mn 
layer on Si(100) substrates. The grey concentric circles are the phase of MnSi1.7 and the 
featureless area is B20-MnSi. The scale bar is 20 µm. (b) Raman spectra obtained at different 
positions as shown in Figure 3.1 (a). For the darker concentric circles and the matrix in-
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between, the Raman spectra were measured for more than 6 positions. Each matrix position 
shows the same Raman signal as the black curve, pointing to the B20-MnSi phase. The 
spectrum of each circular area shows three peaks at around 300 cm-1, consistent with the 
MnSi1.7 phase. 
We first focus on the sample grown from 30 nm Mn on Si(100). A representative visible-
light microscopy image of the regrown layer on Si(100) is shown in Figure 3.1 (a). In this 
image, there are two different areas: one is composed of darker concentric circles with a 
diameter of around 60 µm and the other one is the matrix area in-between. To understand the 
phase formation for these two areas, the corresponding room-temperature Raman spectra are 
shown in Figure 3.1 (b). All presented Raman spectra show the peak at around 520.5 cm-1 
(dashed green lines), which corresponds to the transverse/longitudinal optical (TO/LO) phonon 
mode in the Si substrate [156]. Additionally,  the matrix area shows two well-separated peaks 
at about 188 and 307 cm-1 (dashed black lines), which correspond to the T2 Raman-active 
phonon modes in MnSi [157, 158]. In fully relaxed bulk MnSi, these two phonon modes are 
located at around 194 and 316 cm-1. The shift of the phonon mode positions towards lower 
wavenumbers indicates the existence of in-plane biaxial tensile strain. The Raman spectrum 
obtained from the area of the concentric circles exhibits three separated peaks at around 300±20 
cm−1 (dashed red lines). These peaks confirm the formation of the MnSi1.7 phase. These three 
phonon modes should account for the slightly different neighbourhoods of the Mn–Si bonds in 
MnSi1.7 [159]. Based on the Raman results, we can conclude that the circular and matrix areas 
exhibit the MnSi1.7 and B20-MnSi phase, respectively. More specifically, MnSi1.7 is embedded 
in the B20-MnSi matrix. By rough estimation from the visible-light microscopy images, the 
areal fraction of the MnSi phase comprises around 45%. A more reliable estimation is given 
by comparing the saturation magnetization of our films with that of bulk MnSi in a later session. 
The precipitation of MnSi1.7 in the shape of concentric circles is assumed to be caused by an 
inhomogeneous temperature distribution or compositional fluctuations [160]. We notice that 
the formation of MnSi1.7 within the sample of around 10×10 mm
2 is random. Inevitably, some 
local regions have lower temperature or redundant Si, both favouring the nucleation of MnSi1.7. 
However, more investigations are needed for a complete understanding. 





 Figure 3.2. (a) Cross-sectional bright-field TEM image of the FLA-treated 30-nm-thick Mn 
layer on Si(100) substrate obtained from the matrix area shown in Figure 1(a). (b) High-
resolution TEM image of the area marked with a dashed white square in panel (a). (c) Fast 
Fourier transform of the region marked with a white square in panel (b) and indexed based on 
a MnSi [0 1 0] zone axis pattern. (d) Superimposed EDXS-based element distributions (blue: 
manganese, green: silicon, red: oxygen) for the area marked with a white dashed rectangle in 
panel (a), confirming the presence of a continuous B20-MnSi film. 
Figure 3.2 (a) shows a representative cross-sectional bright-field TEM image of the FLA-
treated 30-nm-thick Mn layer on Si(100) obtained from the matrix area indicated in Figure 3.1 
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(a). Below a 5-to-20-nm-thin amorphous surface film (light-grey with uniform brightness), 
there is an about 50-nm-thick polycrystalline film which is mainly composed of grains having 
a height equal to and a lateral extension larger than the film thickness (dark-gray appearance 
with slightly varying orientation contrast). To further characterize the phase structure of the 
continuous polycrystalline layer, high-resolution TEM imaging (Figure 3.2 (b)) combined with 
fast Fourier transform analysis (Figure 3.2 (c)) was performed. Taking the B20-type MnSi 
structure, the diffractogram in Figure 3.2 (c) can be described by a [0 1̅ 0] zone axis pattern (in 
particular: normal to the growth plane [3 0 2]  MnSi is parallel to [0 0 1]  Si and in-plane 
[0 1̅ 0] MnSi is parallel to [1 1̅ 0] Si). The spatial arrangement of the elements Mn, Si, and O 
was characterized by EDXS-based analysis in scanning TEM mode and is shown in Figure 3.2 
(d). In particular, Mn and Si are homogeneously distributed within the silicide layer, and the 
Mn:Si atomic ratio is determined to be close to 1:1. Above the MnSi layer, there is an oxide 
layer composed of Mn and Si. The small oxygen signal within the Mn silicide region is caused 
by TEM lamella side-wall oxidation during storage in air. For thicker TEM lamella positions, 
this O signal is even less pronounced. In summary, TEM analysis confirms the formation of a 
continuous polycrystalline B20-type MnSi film. 





Figure 3.3. Magnetic properties of B20-MnSi made by solid-state reaction of a 30-nm-thick 
Mn layer on Si(100) substrate. (a) In-plane saturation magnetization (black squares) and the 
calculated derivative dM/dT (red squares). The valley of dM/dT at around 43 K indicates the 
Curie temperature. (b) In-plane M-H curves measured at different temperatures.  (c) Static 
susceptibility in increasing field sweeps for the MnSi film at various temperatures. The black 
dashed lines in (c) show the shift of transition fields at each temperature. Hα1 and Hα2 bound 
the region of stable elliptic skyrmion. The dashed lines define the boundary for metastable 
helicoids Hβ and ferromagnetic Hsat. (d) Magnetic phase diagram. With increasing temperature, 
the mentioned magnetic phases formed at lower magnetic fields. 
Figure 3.3 (a) displays the temperature-dependent saturation magnetization of the MnSi 
alloy obtained from the 30-nm-thick Mn layer on Si(100) after FLA. As indicated by the 
minimum of the derivative dM/dT (red square) curve, the Curie temperature of our B20-MnSi 
film is 43 K and thus higher than that for bulk MnSi (29.5 K). In agreement with the Raman 
spectroscopy results, this Curie temperature enhancement is assumed to be caused by strain 
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[102]. It is known that MnSi1.7 is a weak itinerant magnet with a saturation magnetization of 
0.012 µB/Mn [82] compared with 0.43 µB/Mn for B20-MnSi [161], which is why the measured 
magnetization must originate from the B20-MnSi phase. The in-plane MH curves in Figure 
3.3(b) show multi-hysteresis below the Curie temperature, which arises from the variety of 
different spin arrangements. To better observe the multi-hysteresis, the insert of Figure 3.3 (b) 
is an enlargement of the blue dashed rectangle. Our measurements also indicate that the 
transition between different magnetic structures occurs within the whole temperature range, 
not only near the Curie temperature as for bulk MnSi. The saturation magnetization at 5 K is 
around 72 emu/cm3. If we neglect the magnetization of MnSi1.7 and compare with the saturation 
magnetization of 163 emu/cm3 for bulk MnSi, the MnSi volume fraction in our sample is 
around 45%. This value is in reasonable agreement with that obtained by calculating areal 
fraction from Figure 3.1 (a). 
In Figure 3.3 (c), the derivatives of the static magnetization dM/dH show four critical 
transition fields, named as Hβ, Hα1, Hα2, and Hsat with the dashed lines indicating their shift 
with temperature. Below Hβ, the system stays at its ground helical state. The next apparent 
peaks at Hα1 and Hα2 mark the first-order transitions in and out of a new phase with a difference 
in topology, namely the so-called skyrmion phase [96]. According to this, the region between 
Hβ and Hα1 is a transition region, where the ground helical and the skyrmion phase coexist. 
Above Hα2, the skyrmion phase almost vanishes and the system evolves into a conical state, 
followed by another transition to field-polarized ferromagnetism above the critical field of Hsat. 
Based on the temperature dependency of the transition fields a magnetic phase diagram as 
shown in Figure 3.3 (d), can be constructed. With increasing the magnetic field, the Helical, 
Helical + skyrmion, skyrmion, Conical and Ferromagnetism phase emerge in this order. It is 
interesting that our B20-MnSi film on Si(100) also hosts skyrmion over a wide temperature 
and magnetic-field range similar to what has been shown in literature [72, 117]. This enlarged 
skyrmion stability offers more flexibility in spintronic applications [162]. 





Figure 3.4. (a) Temperature-dependent resistance (black squares) and calculated dR/dT (red 
squares). The peak of dR/dT indicates the position of the Curie temperature. (b) Magnetic-
field-dependent magnetoresistance at various temperatures. The anomalous plateau 
disappears at 45 K (above the Curie temperature). (c) Calculated derivative dR/dT from data 
in panel (b). The black, red, and green arrows stand for the position of Hα1, Hα2, and Hsat, 
respectively. (d) Magnetic phase diagram of the MnSi film with respect to temperature and 
magnetic field.  
The in-plane electrical resistance of the MnSi film and the calculated dR/dT are shown as 
a function of temperature in Figure 3.4 (a). The increase of resistance with temperature clearly 
indicates the metallic behaviour of the MnSi film. The calculated dR/dT in Figure 3.4 (a) has 
a peak, indicating the Curie temperature around 43 K, in agreement with the magnetization 




(RH: resistance under magnetic fields, R0: resistance at zero field) of the MnSi film at various 
temperatures is shown in Figure 3.4 (b). There is an anomalous plateau at low magnetic fields 
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and below the Curie temperature, which is due to the anomalous topology. Above the Curie 
temperature, this anomalous plateau disappears [163].   
The field-driven evolution of the spin textures in MnSi can be investigated by the 
derivative dMR/dH from Figure 4 (b) [164]. As shown in Figure 3.4 (c), values for the positive 
and negative transition fields are denoted by the superscripts “+” and “−”, respectively. With 
increasing magnetic field, the helimagnetic phase transforms into skyrmion via a first-order 
phase transition, manifested as peaks at Hα1 due to the completely different topological 
properties between helimagnetic and skyrmion phase. Above the critical field Hα2, the system 
transforms into the conical phase. Skyrmion can be stabilized in the range between Hα1 and 
Hα2. Hsat is the critical magnetic field, above which MnSi changes into the ferromagnetic state. 
To better observe the change of the transition fields, the magnetic phase diagram of B20-MnSi 
obtained by transport measurements is shown in Figure 3.4 (d). The magnetic skyrmions are 
stable in a broad field and temperature window, in agreement with the magnetization 
measurements. 
 
Figure 3.5. (a) In-plane MH curves (measured at 5 K) after FLA-treatment of Mn/Si(100) 
samples having different Mn layer thickness. The samples annealed from 20- and 30-nm-thick 
Mn show multi-hysteresis, indicating there is some magnetic phase transitions. (b) The 
calculated derivative dM/dH of the MH curves from (a). For the sample annealed from 7- and 
10-nm-thick Mn, there is only one peak Hβ, which is the transition from helical to concial state, 
since the thickness of the regrown layer MnSi is thinner than the theoretical size of MnSi 
Skyrmion. When the Mn layer is thicker than 15 nm, an extra Hα1 peak can be detected. To 
better check the change of the ample annealed from 15 nm Mn, the signal is magnified ten 
times. 




To check the thickness dependence on the formation of B20-MnSi, Figure 3.5 (a) shows 
the MH curves obtained from MnSi layers made by solid-state reaction of Mn films with 
different thicknesses. Since the theoretical size of the skyrmion in MnSi is around 18 nm, the 
skyrmion can be detected only when the grain size of MnSi is larger than 18 nm. So, there is 
no multi-hysteresis, when the deposited Mn is too thin. With increasing the Mn thickness to 15 
nm, first traces of the multi-hysteresis originating from the transitions of different magnetic 
structures can be observed, indicating the existence of magnetic skyrmion in the prepared B20-
MnSi films [102]. The MnSi films prepared by ms-range solid-state reaction of 20- and 30-nm-
thick Mn layers on Si(100) show obvious multi-hysteresis.  
Figure 3.5 (b) shows the calculated derivatives dM/dH. All these curves have a peak Hβ 
at around 300 Oe, which is the transition from the helical to skyrmonic phase. For samples with 
7 and 10 nm Mn, the system changes from helical to conical due to the smaller size of the 
grains [165]. For thicker films, the neighbor phase is magnetic skyrmion. Since the signal of 
the sample annealed from 15 nm Mn is very weak compared with other samples, the dM/dH 
curve is multiplied by 10 to observe the change clearly. Moreover, for the sample annealed 
from 15, 20 and 30 nm Mn, there is also another peak Hα1, where the helical phase completely 
changes into the skyrmion phase. The peak Hα2 is the position, where the metastable skyrmion 
begin to change into the conical structure. Skyrmion are stabilized in the region from Hα1 to 
Hα2. The magnetic state finally changes into ferromagnetism at Hsat. 
3.4 Conclusions 
In summary, thin films with the B20-MnSi phase on Si(100) substrates are fabricated for 
the first time. The nucleation of B20-MnSi is believed to be triggered by the fast solid-state 
phase reaction between Mn and Si via ms-range flash-lamp annealing. Compared with the 
corresponding bulk material, the B20-MnSi films made by ms-range annealing show an 
increased Curie temperature of around 43 K. The magnetic and transport measurements reveal 
that Skyrmion in B20-MnSi on (100) Si made by sub-seconds solid-state reaction are stable 
within much broader field and temperature windows than bulk MnSi. The parasitic MnSi1.7 
phase can be further minimized or eliminated by optimizing the annealing conditions, the 
quality of the deposited Mn film, and its interface with the Si substrate. Our work demonstrates 
a promising option for the fabrication of B20-type transition metal silicides for integrated 
and/or hybrid spintronic applications by using Si(100) wafers, which are more preferable for 
industry applications.




4. Phase selection in Mn-Si alloys by fast solid-state reaction with 
enhanced skyrmion stability 
 
B20-type transition-metal silicides or germanides are noncentrosymmetric materials 
hosting magnetic skyrmions, which are promising information carriers in spintronic devices. 
The prerequisite is the preparation of thin films on technology-relevant substrates with 
magnetic skyrmions stabilized at a broad temperature and magnetic-field working window. 
The canonical example is the B20-MnSi film grown on Si substrates. However, the as-yet 
unavoidable contamination with MnSi1.7 occurs due to the lower nucleation temperature of this 
phase. In this chapter, we report a simple and efficient method to overcome this problem and 
prepare single-phase MnSi films on Si substrates. It is based on the millisecond reaction 
between metallic Mn and Si using flash lamp annealing (FLA). By controlling the FLA energy 
density, we can grow single-phase MnSi or MnSi1.7 or their mixture at will. Compared with 
bulk MnSi the prepared MnSi films show an increased Curie temperature of up to 41 K. In 
particular, the magnetic skyrmions are stable over a much wider temperature and magnetic-
field range than reported previously. Our results constitute a novel phase selection approach 
for alloys and can help enhance specific functional properties such as enhancing the stability 
of magnetic skyrmions. 
 
The results presented here were published as: Z. C. Li, Y. F. Xie, Y. Yuan, Y. D. Ji, V, 
Begeza, L. Cao, R. Hübner, L. Rebohle, M. Helm, K. Nielsch, S, Prucnal S. Q. Zhou, Phase 
selection in Mn-Si alloys by fast solid-state reaction with enhanced skyrmion stability, Adv. 
Funct. Mater.  8, 2009723 (2021). The TEM measurements were done by R. Hübner. All other 
measurements were done by the thesis author. The thesis author also analyzed all data and 
wrote the manuscript. 
 
4.1 Introduction 
Magnetic skyrmion are topologically protected spin configurations [166, 167] and have 
been experimentally discovered in a series of magnetic compounds with noncentrosymmetric 
crystal structure, such as B20-type transition-metal silicides or germanides [5, 44, 140]. In 
those materials, the Dzyaloshinskii Moriya (DM) interaction and Heisenberg exchange 
interaction compete with each other, resulting in the formation of a whirling spin structure. The 




size of skyrmion or the associated magnetic modulation period is determined by the ratio 
between the magnitudes of the DM interaction and the ferromagnetic exchange interaction, and 
typically ranges from 1 to 100 nm [20, 44, 139-141]. To drive skyrmion, a much smaller current 
is needed in comparison to those used to generate spin transfer torques in ferromagnetic metals, 
which results in lower power consumption and decreases the Joule heat [23, 143, 168]. 
Magnetic skyrmion are proposed for applications in new-generation data storage [40, 140].  
B20-type MnSi is regarded as the canonical example, in which magnetic skyrmion were 
firstly observed [5]. Up to now, though bulk B20-MnSi compounds are relatively easy to 
fabricate by rod-casting furnace or Czochralski method [96, 169], skyrmions are only stable in 
very narrow temperature and magnetic-field ranges. Thin films of B20-MnSi exhibit a much 
broader temperature range for the existence of skyrmion [72]. Moreover, the preparation of 
thin film materials on technology-relevant substrates (such as Si) is a prerequisite for today’s 
information technology. B20-type MnSi films have been prepared by molecular beam epitaxy 
(MBE) and solid-phase epitaxy (SPE) [101, 102, 105, 170]. However, several scientific issues 
remain challenging for the MnSi thin-film growth. The most important one is the coexistence 
of the MnSi1.7 impurity phase always with MnSi. Another one is that the film can only be grown 
to a limited thickness of around 30 nm; for larger film thicknesses the stability of skyrmion is 
deteriorated. From the equilibrium Mn-Si phase diagram, it is found that the B20-MnSi phase 
is very sensitive to the ratio of the Mn and Si composition [171]. Diffusion induced ingredient 
fluctuations will result in the formation of MnSi1.7. Moreover, MnSi1.7 has a lower 
crystallization temperature than MnSi [84, 116], and grows naturally as a parasitic phase in the 
heating or cooling process during the solid-state reaction. MnSi1.7 is a weak itinerant magnet 
and exhibits excellent thermoelectric properties [148, 172]. Recently, it was suggested that 
MnSi1.7 can apply strain to MnSi and increase its Curie temperature [97]. Therefore, separating 
the MnSi and MnSi1.7 phases and/or controlling their mixture ratio is challenging, but is 
necessary in order to optimize the functionality and to design the topological magnetic 
properties of MnSi films on demand. This is exactly the question to be tackled in this article. 
The relationship between the nucleation activation energy Q, the heating rate 𝛷 and the 
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where R is the gas constant, and C is a constant (𝐶 =
𝐴𝑅
𝑄
 , A is pre-exponential factor also 
known as the frequency factor). For a particular crystalline phase, when increasing the heating 
rate Φ, the crystallization temperature will be shifted to higher temperatures. The interval of 
the crystallization temperatures for different phases will be enlarged. So, different phases can 
be separated and the microstructure can be selected. Moreover, in the situation of ultra-fast 
heating, the temperature increases so fast that the phase with lower crystallization temperature 
can not nucleate within such a short time. This has been demonstrated for CuZr-based metallic 
glasses in Ref [174]. In particular, by increasing the heating rate above 250 Ks-1, the ductile B2 
phase has been selectively formed and the formation of the low temperature brittle phases 
CuZr2 and Cu10Zr7 is suppressed. The fast heating and cooling rates make the system-
temperature cross the crystallization temperature of brittle phases in a very short time. There is 
no nucleation time for the brittle phases due to the transient heating and cooling processes. This 
approach also works well for amorphous Au-based and Pt-based alloys [175, 176]. Therefore, 
we anticipate that a fast annealing method, such as flash-lamp annealing (FLA) [124], provides 
an effective way to separate B20-MnSi and MnSi1.7 and to control the ratio between both phases. 
During FLA, the sample is exposed to xenon flash lamps, such that the total energy budget is 
low, leading to a fast heating and cooling rate. The details can be found in the supplementary 
materials.    
Here, we report the fabrication of phase-controlled MnSix films by the solid-state reaction 
of metallic Mn layers with Si during millisecond flash-lamp annealing. By controlling the 
energy density deposited to the sample surface by the flash lamps, single-phase B20-MnSi, 
MnSi1.7 or their controlled mixture can be fabricated. The obtained B20-MnSi thin film has a 
high Curie temperature of 41 K and exhibits characteristic signatures of magnetic skyrmion. 
The formation window of skyrmion in our film is significantly enlarged with respect to the 
magnetic field (2-10 kOe) or temperature (up to 41 K) range compared to previously published 
results. 
4.2 Experiment 
Sample preparation: In order to fabricate the MnSi films, a 30 nm thick Mn film was 
firstly deposited on a Si (111) wafer by DC magnetron sputtering. Afterwards, FLA was 
employed to anneal the samples at different annealing parameters, rendering the reaction 
between Mn and Si. The FLA device is made by Rovak GmbH, and illustrated in Figure 5.1. 




During annealing, the samples were heated up by 12 Xe lamps of 30 cm long in a continuous 
N2 flow. The annealing temperature was controlled by varying the power density. 4.2R, 4.3R 
and 4.3F represent the samples with annealing parameters of 4.2 kV (Voltage applied to the 
capacitor of the flash lamps, to produce an intense flash pulse) from the rear side (4.2R), 4.3 
kV from the rear side (4.3R) and 4.3 kV from the front side (4.3F), respectively. For all samples, 
the flash duration was 20 milli-seconds. 4.2 or 4.3 kV is the high voltage to charge the flash 
lamps, which corresponds to an energy density of 134.6 Jcm-2 and 139.5 Jcm-2. Generally, the 
higher voltage generates the higher temperature on the surface if the absorbance and the 
materials are the same. The annealing from the front side (4.3F) is supposed to generate a slight 
lower temperature than 4.3R due to the large reflectivity of the Mn metal film than the Si wafer. 
With a 20 ms pulse duration, the heating and cooling rates are estimated to be 80000 and 160 
Ks-1, respectively. 
Therefore, there are three samples included in this chapter. They are  
4.2R: low processing temperature, with only MnSi1.7;  
4.3F: middle processing temperature, with a mixture of MnSi1.7 and MnSi;  
4.3R: high processing temperature, with only MnSi. 
In Chapter 2, we have detailed introduction about the FLA system. Briefly, a reflector, a 
bank of Xe flash lamps, a wafer holder, two pieces of quartz plate and a preheating module 
constitute the FLA system. The 12 side-by-side connected Xe lamps can provide a uniform 
flash across a large area having the size of a 5-inch wafer. To protect the sample from oxidation, 
continuous N2 flow is provided during the FLA process. The reflector is designed to obtain a 
uniform temperature of the annealing chamber. The sample processing chamber consists of 
two sheets of quartz panels for near ultraviolet and visible light, which separates the air and the 
protective atmosphere filled inside. By applying a high voltage, the flash lamp is charged and 
discharged, producing high-density light. By absorbing the light, the temperature of the sample 
can reach above 1000 K in millisecond time scale. This short time process leads to high heating 
and cooling rates.  
Structure characterization: X-ray diffraction (XRD) and transmission electron 
microscopy (TEM) were employed to analyse the microstructure of the obtained films. XRD 
was performed at room temperature on a Brucker D8 Advance diffractometer with a Cu-target 
source. The measurements were done in Bragg-Brentano-geometry with a graphite secondary 




monochromator and a scintillator detector. Bright-field and high-resolution TEM imaging were 
performed on an image-Cs-corrected Titan 80-300 microscope (FEI) operated at an 
accelerating voltage of 300 kV. High-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) imaging and spectrum imaging analysis based on energy-
dispersive X-ray spectroscopy (EDXS) were done at 200 kV with a Talos F200X microscope 
equipped with an X-FEG electron source and a Super-X EDXS detector system (FEI).  
Magnetic and transport property measurements: The magnetization of the films was 
measured by a superconducting quantum interference device equipped with a vibrating sample 
magnetometer (SQUID-VSM) with the field parallel (in-plane) or perpendicular (out-of-plane) 
to the films. For the zero field cooling (ZFC) measurements, the samples were cooled down to 
5 K under a zero field, then different fields were applied and magnetization data was collected 
during the warming up process. When reaching 100 K, the samples were re-cooled to 5 K at 
the same field while the data recording was continued. This process was called field cooling 
(FC). The transport properties of the MnSi film were investigated by a Lake Shore Hall 
measurement system. Magnetic-field dependent resistance was measured between 5 and 300 
K using the van der Pauw geometry. In the resistivity measurement the magnetic field was 
applied along the sample surface plane (in-plane). 
4.3 Results 
4.3.1 MnSi and MnSi1.7 phase reaction 
As shown in Figure 4.1 (a), depending on different annealing temperatures, two reactions 
are possible. Due to the ultra-fast FLA process, diffusion and nucleation happen at the same 
time. The diffusion of Si dominates this phase formation process [177]. The reaction at low 
temperature is the reaction between Mn and Si, leading to MnSi1.7 directly. The reaction at high 
temperature can form B20-MnSi at the beginning. However, since the Si wafer can provide 
endless Si atoms, MnSi can further react with extra Si, forming the Si-rich phase, namely 
MnSi1.7. In the conventional solid-state reaction process, MnSi1.7 is more easily formed as an 
inevitable secondary phase in MnSi films. According to our anticipation, a fast or transient 
reaction between Mn and Si by flash lamp annealing can inhibit the formation of MnSi1.7 by 
controlling different annealing temperatures with ultra-fast heating/cooling rates. In the 
following, we focus on 3 samples: 4.2R, 4.3R and 4.3F, which were annealed using flash lamps 
from the rear-side (R) or from the front-side (F) with the capacitor charged up to 4.2 kV or 4.3 
kV corresponding to the energy density of 134.6 Jcm-2 or 139.5 Jcm-2. Therefore, sample 4.2R 




experienced a lower reaction temperature than sample 4.3R. Sample 4.3F was processed at an 
intermediate temperature due to the large reflectance of the metallic Mn front side compared 
to the rough rear side of the Si wafer. In particular, the larger reflectance of the Mn film leads 
to lower absorbance and therefore lower energy annealing temperature. 
Figure 4.1 (b) displays the XRD patterns obtained from the samples prepared at different 
annealing parameters. The (111) and (222) diffraction peaks of the Si substrate are at 28.4° and 
58.9°, respectively. For sample 4.3R (red, bottom trace) annealed at high temperature, the 
MnSi-(111) and (222) Bragg peaks are present at 34.2° and 72.4°, respectively. MnSi (210) is 
also observed at 45° with a much weaker intensity. According to the powder PDF card (n. 01-
081-0484) [178], the MnSi (210) peak should be the strongest. Taking into account the intensity 
ratios between the different diffraction peaks, the majority of the MnSi phase in sample 4.3R 
is (111) textured. In comparison to sample 4.3R, sample 4.2R (blue, top trace) shows only the 
Bragg peaks of MnSi1.7. The lower annealing temperature for sample 4.2R promotes the 
formation of the MnSi1.7 single phase. Sample 4.3F (black, middle trace) was processed at an 
intermediate temperature and shows a mixture of MnSi and MnSi1.7. The MnSi phase is also 
highly (111)-textured. Thus, by tuning the FLA parameters, we have full control over the Mn-
silicide phase formation: single-phase B20-MnSi and MnSi1.7 are obtained for the highest and 
lowest annealing temperatures, respectively, which is in accordance with the Kissinger 
equation.  





Figure 4.1. The separation of MnSi and MnSi1.7 phases. (a) Schematic representation of atom 
diffusion and solid state reaction between metal Mn and Si. The blue and purple balls stand 
for Si and Mn atoms, respectively. MnSi1.7 can be formed at low temperature. B20-MnSi is 
formed at high temperature. MnSi can further react with Si forming MnSi1.7 during cooling 
down. (b) XRD patterns of Mn/Si samples after FLA at different annealing parameters. Single 
phase MnSi (bottom, red trace) or MnSi1.7 (top, blue trace) was formed in sample 4.3R or 4.2R 
respectively. Sample 4.3F (an enlarged XRD pattern is shown in the supplementary 
information) is a mixture of MnSi or MnSi1.7. (c) In-plane magnetic hysteresis curves recorded 
at 5 K for the same set of samples. As expected, the magnetization is the highest for the sample 
containing only B20-type MnSi. The sample containing only MnSi1.7 shows negligible 




magnetization. By the transient reaction between Mn and Si via milli-second flash lamp 
annealing, we can synthesize single phase MnSi or MnSi1.7, as well as their mixture at will.  
 
Figure 4.2. Enlarged XRD patterns of sample 4.3F. The XRD pattern shows a mixture of MnSi 
or MnSi1.7.  
To better display the diffraction peaks of MnSi1.7 from samples 4.3F, the enlarged XRD 
patterns are shown in Figure 4.2. Sample 4.3F has the mixture of MnSi and MnSi1.7. The MnSi 
phase in this sample is (111) textured. MnSi1.7 is polycrystalline without preferable orientation.  
The in-plane field-dependent magnetizations of these three samples are shown in Figure 
4.1 (c). Sample 4.3R with single B20-MnSi phase displays multi hysteresis, which originates 
from the transition of different magnetic structures, a typical magnetic feature of B20-MnSi. 
The sample annealed at 4.3F reveals much reduced magnetization due to the fact that it also 
contains MnSi1.7. As is well known, MnSi1.7 is a weak itinerant magnet with a saturation 
magnetization of 0.012 µB/Mn [82]. As expected, sample 4.2R containing only MnSi1.7 shows 
negligible magnetization in comparison with the other two samples.  





Figure 4.3. Cross-sectional bright-field TEM images (a, c) and EDXS-based element 
distributions (b, d; Mn: blue, Si: green, O: red) for the samples 4.2R (left) and 4.3R (right) 
confirming the presence of a continuous single-phase MnSi1.7 and MnSi film, respectively, each 
characterized by a sharp interface to the Si substrate. Thus MnSi1.7 and MnSi thin film can be 
synthesized at will by controlling the flash energy density.  
Figure 4.3 (a-b), and (c-d) show cross-sectional bright-field transmission electron 
microscopy (TEM) images (a, c) and energy-dispersive X-ray spectroscopy (EDXS) based 
element distributions obtained in scanning TEM mode (b, d) for the samples 4.2R and 4.3R, 
respectively. According to Figs. 4.3 (a-b), sample 4.2R is characterized by a continuous MnSi1.7 
film with a thickness of around 90 nm and a sharp interface to the Si substrate. Besides an 
amorphous Mn-Si oxide capping layer and isolated crystalline Si inclusions between this oxide 
and the MnSi1.7 film, there is no other Mn-Si compound. In contrast, for sample 4.3R, an up to 
75-nm-thick continuous single-phase B20-type MnSi film is obtained (Figure 4.3 (c-d)). 
Moreover, extra Si from the substrate can diffuse through the MnSi layer, and an amorphous 




Mn-Si oxide capping layer protects the sample from further oxidation. The TEM analyses, 
which are described in more detail in the Figure 4.4 and 4.5, well corroborate the XRD and 
magnetization measurements. By controlling the reaction temperature during millisecond flash 
lamp annealing, we can obtain films of pure tetragonal MnSi1.7, of pure cubic B20-type MnSi 
or of their mixture. 
 
Figure 4.4. Structure and morphology characterisation of regrown films at different annealing 
parameters. . Cross-sectional bright-field TEM images at low (1st row: a, e, i, m) and medium 
magnification (2nd row: b, f, j,, n) as well as high-resolution TEM images (3rd row: c, g, k, o) 
and corresponding FFTs (4th row: d, h, l, p) for the samples 4.2R (1st column: a-d), 4.3F (2nd 
& 3rd column: e-l), and 4.3R (4th column: m-p). For each sample position, the regions where 
the TEM image at increased magnification, the HRTEM image, and the associated FFT, 
respectively, were taken are marked in the correspondingly preceding panels with dashed 
squares. All micrographs were recorded in Si [1̅ 1 0] zone axis geometry, except for panels (o-




l) which were taken in MnSi [1 1 2̅] zone axis geometry and hence about 6 degree off [1̅ 1 0] 
Si. Each FFT was indexed using the JEMS software package: (d) close to MnSi1.7  [12 4̅ 1̅] 
zone axis pattern, (h) MnSi1.7 [3 0 1̅] zone axis pattern, (l) MnSi [1̅ 1 0] zone axis pattern, (o) 
MnSi [1 1 2̅] zone axis pattern. 
Figure 4.4 (a-d), (e-l), and (m-p) show cross-sectional TEM images of the samples 4.2R, 
4.3F and 4.3R, respectively. While the panels (a, e, i, m) and (b, f, j, n) display overview and 
more detailed bright-field TEM images, panels (c, g, k, o) and (d, h, l, p) depict high-resolution 
TEM micrographs and corresponding fast Fourier transforms (FFT), respectively. As shown in 
Figure 4.4 (a-c), sample 4.2R has a continuous MnSi1.7 film with a thickness of around 90 nm 
and a sharp interface to the single-crystalline Si substrate. The FFT in Figure 4.4 (d) can be 
described best with a pattern close to the  [12 4̅ 1̅] zone axis (in particular, normal to the growth 
plane [1 2 4] MnSi1.7 is parallel to [1 1 1] Si and in-plane [12 4̅ 1̅] MnSi1.7 is almost parallel 
to [1̅ 1 0] Si). Besides an amorphous Mn-Si oxide cap layer and crystalline Si inclusions 
between this oxide and the MnSi1.7 film, there is no other Mn-Si compound. Figure 4.4 (e-l) 
show TEM images of sample 4.3F, confirming the presence of both phases MnSi1.7 (Figure 4.4 
(e-h)) and B20-type MnSi (Figs. 4.4 (i-l)). For this sample, the MnSi1.7 phase grows as an 
approximately 100-nm-thick continuous film with grains of various orientations (e.g. normal 
to the growth plane [1 2 3] MnSi1.7 is parallel to [1 1 1] Si and in-plane [3 0 1̅] MnSi1.7 is 
parallel to [1̅ 1 0] Si (Figure 4.4 (h)), while the MnSi phase is only found for isolated islands 
(normal to the growth plane [1 1 1] MnSi is parallel to [1 1 1] Si and in-plane [1̅ 1 0] MnSi is 
parallel to [1̅ 1 0] Si (Figure 4.4 (l)). With further increasing reaction temperature for sample 
4.3R, an up to 75-nm-thick continuous single-phase B20-type MnSi film is obtained (Figure 
4.4 (m-p)). For the analysed TEM region, normal to the growth plane [2 0 1] MnSi is parallel 
to [1 1 1] Si and in-plane [1 1 2̅] MnSi is about 6 degree off [1̅ 1 0] Si (Figure 4.4 (p)). The 
TEM analyses well corroborate the XRD and magnetization measurements.  
To obtain two-dimensional element distributions and confirm the above-described 
structure characterizations, high-angle annular dark-field scanning TEM (HAADF-STEM) 
imaging combined with spectrum imaging analysis based on energy-dispersive X-ray 
spectroscopy (EDXS) were performed. While panels (a, c, e, g) of Figure 4.5 give the HAADF-
STEM micrographs, panels (b, d, f, h) show the corresponding superimposed element maps 
(Mn: blue, Si: green, O: red). The positions analysed for sample 4.3F (Figure 4.6 (c-f) are 
exactly the same as in Figure 4.5, while the chosen regions for sample 4.2R (Figure 4.5 (a-b)) 
and 4.3R (Figure 4.5 (g-h)) are slightly different. The compositional maps are in accordance 




with the TEM-based analysis results of Figure 4.5. In particular, quantitative chemical analysis 
of the Mn-Si films gives values very close to the MnSi1.7 and B20-type MnSi phases. 
 
 
Figure 4.5. Chemical composition characterisation of regrown films at different annealing 
parameters. Cross-sectional HAADF-STEM images (1st row: a, c, e, g) and superimposed 
element maps (2nd row: b, d, f, h) for the samples 4.2R (1st column: a-b), 4.3F (2nd & 3rd column: 
c-f), and 4.3R (4th column: g-h). For each sample position, the region where the EDXS-based 
element maps (Mn: blue, Si: green, O: red) were obtained are marked in the corresponding 
HAADF-STEM image with a dashed square. The results of quantitative chemical analysis are 
given for the various Mn-Si regions. 
4.3.2 Magnetic Skyrmion   
Lorentz transmission electron microscopy (LTEM), magnetic force microscopy (MFM) 
and neutron scattering can give direct confirmation of magnetic skyrmions in real or reciprocal 
space [179]. For MnSi thin films, both LTEM and magnetization measurements were 
performed on the same sample and provided consistent results. Therefore, magnetization and 
magneto-transport measurements are also accepted as methods to characterize magnetic 
skyrmions [7, 72, 101]. In this section, we present a detailed magnetic and electrical 
investigation of sample 4.3R, which contains only the B20-MnSi phase. The MnSi film 
prepared by our method exhibits non-trivial magnetic properties as known from samples 
prepared by other methods [7, 36, 72, 101].    




Figure 4.6 (a) shows the temperature-dependent saturation magnetization for the B20-
MnSi film. The derivative dM/dT of the MT curve has a minimum at 41 K, indicating the Curie 
temperature, which is higher than for bulk MnSi (29.5 K [5]) due to the tensile strain in the 
MnSi film [108] (for details see Raman analysis in Figure 4.7 [115, 157, 158]). The ZFC/FC 
magnetization under different magnetic fields are shown in Figure 4.6 (c). Near 41 K, a cusp 
feature is observed. It is the transition from the ground helimagnetic to paramagnetic state 
above 41 K. When increasing the magnetic field, the cusp becomes more pronounced. The shift 
and disappearance of this cusp are shown in Figure 4.8, which prove the transformations of 
different magnetic structures again.  
 
Figure 4.6. (a) In-plane saturation magnetization and the calculated dM/dT. The valley of 
dM/dT at around 41 K indicates the Curie temperature or the transition from ferromagnetic to 
paramagnetic. (b) In-plane and out-of-plane MH curves recorded at 5 K. The easy axis and 
multi-hysteresis are stabilized in-plane. The area of green dotted rectangles show multi-
hysteresis. (c) In-plane field cooling (FC) and zero field cooling (ZFC) magnetization 
measured under different magnetic fields. There is also a kink around 41 K, which is the 
transition from helical to paramagnetic. (d) In-plane MH curves measured at different 
temperatures. The inset shows the data around the origin. (e) Temperature-dependent 
resistance under 0 (black square) and 50 kOe (red circle) fields. The red solid line is the 
calculated MR at 50 kOe (f) Magnetic field-dependent magnetoresistance at various 
temperatures. The anomalous behaviour disappears at 45 K (above the Curie temperature). 





Figure 4.7. Room-temperature Raman spectra for different samples. For each sample, the 
Raman spectra were measured at 6 positions. For sample 4.3R, different areas show the same 
Raman signal, pointing to a homogeneous MnSi phase distribution. Sample 4.3F shows two 
sets of spectra, indicating a mixtured MnSi and MnSi1.7 phases. Sample 4.2R also shows the 
same Raman spectrum at different positions, indicating the homogeneous MnSi1.7 distribution. 
Figure 4.7 shows the room-temperature Raman spectra of three different samples, 4.2R, 
4.3F and 4.3R. The experiments were done using a Horiba micro-Raman system with the 
excitation wavelength of 532 nm and the signal was recorded with a liquid-nitrogen-cooled 
silicon CCD camera. The peak at around 520.5 cm-1 corresponds to the transverse/longitudinal 
optical (TO/LO) phonon mode from the Si substrate. The difference between the Raman 
spectra of three samples provides valuable information about the different crystalline phases. 
Each sample was checked at 6 different positions. Sample 4.3R shows two well-separated 
peaks at about 188 and 304 cm-1, which are very probably corresponding to the T2 Raman-
active phonon modes in MnSi. In fully relaxed bulk MnSi, these two phonon modes are located 
at about 194 and 316 cm-1. The Raman spectroscopy performed in the backscattering geometry 
provides information about the in-plane strain and lattice vibration. The change of the phonon 
mode position with respect to the relaxed material indicates tensile strain for a red-shifted 
spectrum and compressive strain for a blue-shifted spectrum. In our case, the shift of the 




phonon mode positions towards lower wavenumber indicates the existence of the in-plane 
biaxial tensile strain. The Raman spectrum obtained from sample 4.2R exhibits three separated 
peaks at around 300±5 cm−1. These peaks confirm the formation of the MnSi1.7 phase. These 
three Raman peaks should account for the slightly different neighbourhoods of the Mn–Si 
bonds. At different positions of sample 4.3F, two different spectra were recorded. One is 
similar to sample 4.3R, pointing the existence of the MnSi phase. The other is similar to sample 
4.2R, indicating the presence of the MnSi1.7 phase.   
Magnetic hysteresis loops at 5 K of the up to 75 nm thick MnSi film with in-plane and 
out-of-plane magnetic fields reveal the in-plane easy axis favoured by the shape anisotropy 
[115], as shown in Figure 4.6 (b). Moreover, both hysteresis loops show almost zero remanence, 
indicating the formation of a multi-domain state at zero field. The saturation field is about 13 
and 19 kOe for the in-plane and out-of-plane direction, respectively. In addition, the multi-
hysteresis feature is observed only in-plane, indicating Bloch-type Skyrmion [180]. Figure 4.6 
(d) shows in-plane MH curves at various temperatures, where the MH curves have multi 
hysteresis below the Curie temperature. This suggests the transformation between different 
spin structures. For better visualization, enlarged MH curves from -200 Oe to 200 Oe are shown 
in the insert of Figure 4.6 (d). Magnetic hysteresis disappears above the Curie temperature, 
where the material becomes paramagnetic. 





Figure 4.8. Magnetic properties of sample 4.3R. (a) Zero field cooling (ZFC) magnetization 
curves (b) Normalized zero field cooling (ZFC) magnetization curves measured under different 
magnetic fields. (c) Field cooling (FC) magnetization curves and (d) normalized Field cooling 
(FC) magnetization curves measured under different magnetic fields. Below 2000 Oe, the cusps 
(show by dashed rectangle and circle) in the magnetization curves keep the same temperature 
of 41 K. It is because the materials stay in full helical state. With increasing the magnetic field, 
this cusp shifts to lower temperature because the helical structure dissolves gradually. Over 
8000 Oe, the cusp disappears since there is no helical structure anymore. 
The ZFC and FC curves of the sample 4.3 R are shown in Figure 4.8. The ground state of 
B20 MnSi is helical. There is a clear cusp in ZFC and FC curves, indicating the transition of 
the helical phase to another phase. It is found that the cusp does not shift to lower temperature 
when the magnetic field is below 2000 Oe, because the helical phase exists in the whole 
temperature range below the transition temperature at these fields. If the applied field is higher 
than 2000 Oe, the cusp moves to a lower temperature and it disappears when the magnetic field 
is higher than 8000 Oe due to the fact that at these magnetic fields, the helical phase is not 




stable. This is consistent with the magnetic phase diagram as shown in the main manuscript. 
The helical phase does not disappear below Hα1 and it does not shift below Hβ. To better 
visualize this trend, the normalized ZFC and FC curves are calculated in Figure 4.8 (b) and (d).  
The electrical resistances of the MnSi film under a magnetic field of 0 and 50 kOe are 
shown as a function of temperature in Figure 4.6 (e). The resistance increases with increasing 
temperature, which means that the MnSi film behaves like a metal [162]. The calculated 
magnetoresistance (MR), 𝑀𝑅 =
𝑅𝐻−𝑅0
𝑅0
× 100% (RH: resistance at 50 kOe, R0: resistance at 
zero field), is shown as a red solid line in Figure 4.6 (e). The negative magnetoresistance in 
MnSi can be understood as follows: the magnetic field increases the effective field acting on 
the localized spins and suppresses the fluctuation of spins in space and time, which leads to a 
decrease of the resistivity. The peak of (negative) MR at around 41 K implies that the largest 
resistance change occurs near the Curie temperature.  
The magnetoresistance of the MnSi film at various temperatures is shown in Figure 4.6 
(f). Below the Curie temperature, it shows an anomalous phenomenon at low magnetic field. 
More MR data around the Curie temperature is presented in Figure 4.9. Above the Curie 
temperature, the MR becomes normal without any specific features, which is consistent with 
other MnSi films.   
 
Figure 4.9. (a) Temperature-dependent resistance at different magnetic fields and (b) 
magnetic-field-dependent magnetoresistance at various temperatures. The variation of 
resistance (shown by dashed rectangle) around the Curie temperature is becoming obvious 
with increasing the magnetic field. The anomalous behaviour of magnetoresistance disappears 
at 41 K (Curie temperature). 




Figure 4.9 (a) shows the temperature-dependent in-plane resistance at different magnetic 
fields. There is an obvious variation (indicated by the dashed rectangle) around the Curie 
temperature. With increasing magnetic field, the resistance decrease strongly. The magnetic-
field-dependent magneto-resistance (MR) of sample 4.3R is shown in Figure 4.9 (b). Below 
the Curie temperature, it shows an anomalous behaviour below the saturated magnetic field 
(shown by the dashed rectangle). Above the Curie temperature, the MR is negative and without 
any specific features. The anomalous behaviour becomes smaller with increasing temperature 
(shown by the dashed lines), indicating the critical fields shifting to lower magnetic field. This 
is well collaborated with the magnetic phase diagram in the main manuscript. 
In Figure 4.10 (a) and (c), the derivatives of the static magnetization dM/dH show four 
critical transition fields, termed as Hβ, Hα1, Hα2 and Hsat. The dashed lines show their shift 
depending on temperature. Hsat is the critical field, above which the material changes into field-
polarized ferromagnetism. Below Hβ, the system is at its ground helicoid state. At 40 K, there 
is no clear peak resolvable, but only a plateau, meaning the smearing out of phase boundary 
near the Curie temperature. With decreasing temperature, we observe two apparent peaks at 
Hα1 and Hα2, indicating the appearance of another phase. The first-order transitions in and out 
of this phase bounded by Hα1 and Hα2 indicate a difference in topology between this state and 
the neighbouring ferromagnetic (above Hα2) and helicoid (below Hα1) states. The phase 
between Hα1 and Hα2 is the so-called skyrmion phase. Above Hα2 the skyrmion phase nearly 
vanishes and the system evolves via a first-order phase transition into a conical state. With 
increasing field from Hβ to Hα1, the system is in a metastable helicoid state. Compared with 
field-increase and decrease processes, these transition fields show small difference below 15 
K due to the hysteresis. However, above 15 K these transition fields do not change significantly 
with respect to field increase or decrease due to the coinciding of MH curves.  





Figure 4.10. Static susceptibility in increasing (a) and decreasing (c) field sweeps for the MnSi 
film at various temperatures. Black dashed lines in (a) and (c) show the shift of transition fields 
at each temperature. Four critical fields are identified and labelled as Hβ, Hα1, Hα2, and Hsat. 
Hα1 and Hα2 bound the region of stable elliptic skyrmion. The dashed lines define the boundary 
for metastable helicoids Hβ and ferromagnetic Hsat. Magnetic phase diagram in increasing (b) 
and decreasing (d) field. With increasing temperature, these magnetic phases (Helical, Helical 
+ Skyrmion, Skyrmion, Conical and Ferromagnetic) can be formed at lower fields. (e) 
Calculated dMR/dH from data in Fig. 4.6 (f). The black, red and green arrows stand the 
position of Hα1, Hα2 and Hsat, respectively. (f) Magnetic phase diagram of the MnSi film with 
respect to temperatures and magnetic fields. 
The temperature-dependent transition fields are plotted in Figure 4.10 (b) and (d). With 
increasing the magnetic field, the magnetic structure transforms into the Helical, Helical + 
Skyrmion, Skyrmion, Conical and Ferromagnetic phase. Compared with other B20-MnSi, 
Skyrmion in our MnSi film can be stabilized over the whole temperature range below the Curie 
temperature and a wider magnetic field range of around 10 kOe. It is known that the 
temperature and magnetic field intervals of skyrmion become narrower with increasing the 
thickness of MnSi film. However, our MnSi film has a thickness of up to 75 nm and is thicker 
than other reported MnSi films. This enlarged skyrmion stability in wider temperature and 
magnetic field ranges offers more flexibility in spintronic applications [23, 26, 168]. It is 
speculated that the reaction by flash lamp annealing stabilizes the strain above the critical 
thickness, therefore increasing both the Curie temperature and the stability of skyrmion.  




Indeed, by analysing the magnetoresistance one also can investigate the field-driven 
evolution of the spin textures in MnSi [115, 117]. As shown in Figure 4.10 (e) we examine 
more closely the derivative dMR/dH for the same data displayed in Figure 4.6 (f). We defined 
the transition fields Hα1, Hα2 and Hsat, as marked by the arrows. Values for positive and negative 
magnetic fields are denoted by the superscripts “+” and “−”, respectively. However, the 
transition from Helical to Helical + Skyrmion is not resolved probably due to the negligible 
MR variation, being consistent with previous reports. With increasing magnetic field, the 
helimagnetic phase transforms into skyrmion via a first order phase transition, manifested as 
peaks at Hα1 due to the completely different topological properties between helimagnetic and 
Skyrmion. Above the critical field Hα2, the system transforms into the conical phase. Skyrmion 
can be stabilized at the range between Hα1 and Hα2. Hsat is the critical magnetic field, above 
which MnSi changes into ferromagnetic state. Figure 4.10 (f) shows the magnetic phase 
diagram of MnSi. Compared with Figure 4.10 (b) and (d), this magnetic phase diagram 
obtained from MR shows qualitatively the same temperature and magnetic field range for 
skyrmion. 
4.3.3 Discussion   
There are 4 stable Mn-Si compounds. With increasing Si concentration, Mn3Si, Mn5Si3, 
B20-MnSi and higher manganese silicides can form at thermal equilibrium. Characterized by 
tetragonal crystal structures with different c-axis lengths, higher manganese silicides have 
many chemical formulas such as: Mn4Si7, Mn11Si19, Mn15Si26 and Mn27Si47 and are generally 
written as MnSi1.7 [181]. The single B20-MnSi phase can only form at 50 at.% Si and MnSi1.7 
exists from 55 to 95 at.% Si. In the Mn-Si thin film grown on Si substrates, the richness of Si 
makes the Mn3Si and Mn5Si3 phase hard to form due to the limited amount of Mn. However, 
MnSi1.7 is much easier to form in these thin films. Moreover, the crystallization temperature 
for B20-MnSi is 1276 oC, which is higher than 1150 oC for MnSi1.7.  This means that MnSi1.7 
can nucleate prior to B20-MnSi in thermal equilibrium condition. Therefore, MnSi1.7 often 
coexists with B20-MnSi in thin films grown by solid-phase epitaxy. The equilibrium phase 
diagram of the Mn-Si system is shown in Figure 4.11 (a).  





Figure 4.11. (a) The equilibrium Mn-Si phase diagram from Ref 2: Single MnSi phase can only 
exist at 50 at.% Si; however, MnSi1.7 appears in a much broader window. (b) The Continuous 
Heating Transformations (CHT) diagram from Ref 3. The red curves stand for annealing 
processes at different heating rates and the green curves stand for cooling processes. The A, 
B, C, D and E stand for the increasing heating rates. Tlow phase and Thigh phase stand for the 
phase formed at low temperature and high temperature, respectively. When the heating rate is 
above a critical heating rate D and the temperature is above the formation temperature of the 
low-temperature phasethe latter can be suppressed. If the cooling process is also very fast, like 
the annealing process, the low-temperature phase can be avoided. 
Figure 4.11 (a) shows the enlarged phase diagram of Mn-Si compounds. Mn5Si3, B20 
MnSi and higher manganese silicides can form under thermal equilibrium with increasing the 
amount of Si. As pure phase, the line compound B20-MnSi can only form at 50 at% Si, and 
MnSi1.7 always coexists with B20-MnSi due to composition fluctuation. Mn5Si3 is hard to form 
in our thin film due to the richness of Si from the substrate. The crystallization temperature for 
MnSi1.7 is 1150 
oC, i.e. lower than that of MnSi (1276 oC), indicating that MnSi1.7 can nucleate 
prior to B20-MnSi during heating in thermal equilibrium condition. Therefore, MnSi1.7 often 
coexists with B20-MnSi in thin films grown by solid phase epitaxy. The phase selection can be 
realized by controlling the heating and cooling rates.  With increasing the heating rate above D 
Ks-1, the high-temperature phase can be selectively formed, and the formation of low-
temperature phases will be suppressed, as shown in Figure 4.11 (b). If the cooling rate is also 
high enough, the temperature cross the crystallization temperature for low-temperature phase. 
Then, the low-temperature phase can be avoided. As shown in Figure 4.11 (b), with the heating 




rate at D Ks-1 and the high cooling rate, only the high-temperature phase can be formed. 
Furthermore, this fast annealing method could be applied in other B20 material systems. 
During flash lamp annealing, the heating and cooling rates are much higher compared to 
conventional rapid thermal annealing and can be adjusted by controlling the energy budget, i.e. 
the flash energy density delivered to the sample surface. However, we cannot measure the 
temperature in-situ. Presumably, by increasing the heating rate above a threshold (see Figure 
4.11 (b)), the high-temperature phase can be selectively formed and the formation of low-
temperature phases will be suppressed, as schematically shown in Figure 4.11 (b). Therefore, 
this fast annealing method leads to a transient reaction between Mn and Si, serving as an 
effective way to separate B20-MnSi and MnSi1.7 and to control the ratio between MnSi and 
MnSi1.7 in the presence of both phases. Note that for this purpose the fast reaction and the high 
heating/cooling rate are important. This approach is not only limited to flash lamps. 
Millisecond lasers are expected to lead to similar effects and have been widely used in 
semiconductor industry [182]. 
Both magnetron sputtering and flash lamp annealing are ready to be scaled up to whole Si 
wafers. Therefore, this approach can be integrated with the existing and well-developed Si 
microelectronic technology. As shown in Figure 4.6, our MnSi1.7 film has a reasonable flat 
interface and surface. The surface oxide can be selectively etched by acids (e.g. HF). By 
applying lithography to pattern the Mn film and therefore the MnSi1.7 film, one can integrate a 
stand-along, thermoelectric power source to Si-based devices on a single chip [183]. The top 
surface of B20-MnSi layer is still not smooth enough. This might be due to the slight oxidation 
of the Mn metal film right before annealing. However, the surface can be processed by by well-
develop chemical mechanical planarization [184]. Nevertheless, the much higher Curie 
temperature and the broader magnetic-field and temperature window for stabilizing Skyrmion 
in our MnSi film are profound advantages. They might be exclusively related with the ultrafast 
thermal processing. 
4.4 Conclusion 
In summary, by controlling the reaction parameters using strongly non-equilibrium flash 
lamp annealing, we have full control over the phase formation of Mn-silicides in thin films 
from single-phase B20-MnSi or MnSi1.7 to mixed phases. The obtained films are highly 
textured and reveal sharp interfaces to the Si substrate. The obtained B20-MnSi films exhibits 




a high Curie temperature at 41 K. The Skyrmion phase can be stabilized in broad temperature 
and magnetic field ranges. We propose flash-lamp-annealing-induced transient reaction as a 
general approach for phase separation in transition-metal silicides and germinides and for 
growth B20-type films with enhanced topological stability.




5. On the Curie temperature of MnSi films 
 
B20-type MnSi is the prototype magnetic skyrmion material. Thin films of MnSi have a 
higher Curie temperature than its bulk counterpart. It is not yet clear by what and how the Curie 
temperature of MnSi thin films is affected. In this chapter, we grow MnSi films on Si(100) and 
Si(111) substrates with a broad variation in their structures. By controlling the Mn thickness 
and annealing parameters, the pure MnSi phase of polycrystalline and textured nature as well 
as the mixed phase of MnSi and MnSi1.7 are obtained. Surprisingly, all these MnSi films show 
an increased Curie temperature of up to around 43 K. However, the Curie temperature is 
independent of the structural parameters within our accessibility including the film thickness 
above a threshold, strain, cell volume and the mixture with MnSi1.7. Our work is drawing to 
revisit the origin of the Curie temperature of MnSi films. 
 
Presented results are under preparation for publication: Z. C. Li, Y. Yuan, V, Begeza, L. 
Rebohle, M. Helm, K. Nielsch, S, Prucnal S. Q. Zhou, on the Curie temperature of MnSi films. 
All measurements were done by the thesis author. The thesis author also analyzed all data and 
wrote the manuscript. 
 
5.1 Introduction 
Bulk manganese monosilicide (MnSi) is a weak itinerant helical magnet with B20 crystal 
structure [185]. At ambient pressure, bulk MnSi shows magnetic order with a Curie 
temperature (TC) of ~ 29.5 K. It has been under investigation for a few decades regarding its 
intriguing physical properties, such as magnetic quantum phase transition [186, 187] and the 
formation of a non-Fermi liquid phase [3, 188]. With respect to practical applications, the most 
attractive property of MnSi is the formation of a magnetic skyrmion lattice, which is a 
topologically stable spin configuration and promising for spintronic application. A magnetic 
skyrmion lattice was experimentally observed in bulk MnSi by Mühlbauer et al. by using small 
angle neutron scattering [5]. This work has greatly motivated the development of MnSi thin 
films on Si substrates. Generally, MnSi thin films have been prepared by molecular beam 
epitaxy (MBE) [58, 100, 105, 108, 144], solid-state phase epitaxy [72, 106, 112] and magnetron 
sputtering [145]. Interestingly, independent of the preparation methods, epitaxial-like MnSi 
films grown on Si(111) show much enhanced TC to 35-45 K [72, 106, 108, 145].  On Si(111) 




substrates, MnSi(111) is rotated by 30° with the orientation relationship of Si(111)‖MnSi(111) 
and Si[112] ‖ MnSi[110], leading to a lattice mismatch of around -3.0% ([aMnSi cos(30º) – 
aSi]/aSi = -3.0%). This induces an in-plane lattice expansion in the MnSi films. It has been 
shown experimentally that for bulk MnSi the hydrostatic pressure decreases its TC [187] while 
the negative chemical pressure can increase its TC [161, 189]. Therefore, the increased TC in 
MnSi films was presumably attributed to the tensile strain from the mismatch with Si substrate 
[106, 144]. However, the detailed analysis does not support this assumption, since thinner films 
with a larger cell volume show lower TC than thicker films [106]. 
Karhu et al. have systematically checked the change of TC on MnSi films with different 
thicknesses and strain [106]. Indeed, it was found out that the thinner films show lower TC and 
all thicker (>10 nm) films exhibit a similar TC at around 43 K. A proportional correlation is 
observed between the TC and the ratio between the out-of-plane and the in-plane strain. Li et 
al. also found that the TC of 50 nm thick MnSi film is almost identical to that of the 10 nm film 
[72]. López et al. found that a 30 nm-thick MnSi film does not develop any long-range 
magnetic order, while the 150 nm MnSi film has a TC at 34 K [145]. In general, it is known 
that with increasing thickness of the thin films, the strain originating from the interface should 
relax [190-192]. In thicker MnSi films, the TC is expected to be lower than in thinner films. To 
understand the relationship between strain, atomic bonds and TC in MnSi films, Figueroa et al. 
have investigated thick MnSi films by polarization-dependent extended X-ray absorption fine 
structure and found that the Mn positions are unchanged. They concluded that for thick MnSi 
films the unit cell volume should be essentially the same as for bulk MnSi. They attributed the 
enhanced TC to the interface, whose particular, unidentified characteristics strongly affect the 
magnetic properties of the entire MnSi film, even far from the interface. However, the very 
thin (below 5 nm) MnSi film shows lower TC [106] or the absence of magnetic order [145]. 
Just recently, Sukhanov et al. reported an improved TC of bulk MnSi lamellae with μm 
dimensions embedded in MnSix ( x~1.7) matrix [97]. The lattice mismatch between MnSi 
lamellae and the MnSi1.7 matrix produces a tensile strain in MnSi. To understand the increased 
TC, it has been assumed that the interface influences the μm thick lamellae. Therefore, the origin 
of the increased TC in MnSi films is still unknown.   
Here, we report a systematic investigation on the Curie temperature of MnSi thin films with a 
large variation in their structural properties. These thin films were prepared by the solid-state 
reaction of metallic Mn layers with Si during ms-range flash lamp annealing. By controlling 




the Mn thicknesses and annealing parameters (energy density deposited to the sample surface 
by flash lamps), pure phase B20-MnSi and its mixture with MnSi1.7 are prepared both on Si(100) 
and Si(111) substrates. All obtained thin films have a high Curie temperature around 43 K and 
the characteristic signature of magnetic skyrmions. We attempt to find a correlation between 
the Curie temperature and the structural properties, and therefore shed light on the 
understanding of the increased Curie temperature in thin films. 
5.2 Experiment  
In order to fabricate MnSi films, 7-30 nm thick Mn films were firstly deposited on Si(100) 
and (111) wafers by DC magnetron sputtering. Afterwards, flash lamp annealing (FLA) was 
employed to realize a fast solid-state reaction between Mn and Si at different annealing 
parameters. The largest thickness of the MnSi is about 60 nm (see Table 1).  During the FLA 
process, these samples were heated up by 12 Xe-lamps in a continuous N2 flow. Samples were 
annealed either from the front side or from the backside with a peak temperature above 1300 
K. With a 20 ms pulse duration, the heating and cooling rates are estimated to be around 80000 
and 160 Ks-1, respectively. Such high heating /cooling rate will allow the control over the 
parasitic growth of MnSi1.7 in B20-type MnSi. By changing the flash lamp energy (and 
therefore the peak temperature), we can selectively prepare the pure phases of MnSi and 
MnSi1.7 or their mixture. The details about the preparation have been reported in Ref. [142]. 
All samples used in this manuscript are summarized in Table 5.1. 
X-ray diffraction (XRD) was employed to analyse the microstructure of the obtained films. 
XRD was performed at room temperature on a Bruker D8 Advance diffractometer with a Cu-
target source. The measurements were done in Bragg-Brentano-geometry with a graphite 
secondary monochromator and a scintillator.  
The magnetic properties of the films were measured by a superconducting quantum 
interference device equipped with a vibrating sample magnetometer (SQUID-VSM) with the 
field parallel (in-plane) to the films. For measuring the temperature-dependent magnetization 
(MT), the samples were cooled down to 5 K under a zero field, then a 15 kOe magnetic field 
was applied and the magnetization data was collected during the warming up process. The 
transport properties of MnSi films were investigated by a Lake Shore Hall measurement system. 
Magnetic-field dependent resistance was measured between 5 and 300 K using the van der 
Pauw geometry. The magnetic field was applied along the sample surface plane (in-plane). 
Table 5.1. The parameters of the samples. 












The ratio of 
MnSi1.7 (%) 
A Si(100) 14 114.97 Mn surface 80.5 
B Si(100) 20 114.97 Mn surface 59.5 
C Si(100) 30 139.5 Si surface 66  
D Si(100) 40 114.97 Mn surface 65 
E Si(100) 60 134.56 Si surface 84.3 
F Si(100) 60 139.5 Si surface 76.7 
G Si(100) 60 139.5 Mn surface 56.6 
H Si(111) 30 139.5 Si surface 85.1 
I Si(111) 40 110.12 Mn surface 67 
J Si(111) 40 114.97 Mn surface 52.5 
K Si(111) 60 139.5 Mn surface 73 
L Si(111) 60 139.5 Si surface 0 
 
5.3 Results  
Figure 5.1 (a) shows the XRD pattern of sample G with a 60 nm MnSi film grown on a 
Si(100) substrate. The (200) and (400) diffraction peaks of the Si substrate are at 33.05° and 
69.2°, respectively. The MnSi (210) and (211) Bragg peaks are observed at 44.6° and 49.2°, 
respectively. According to the powder PDF card (n. 01-081-0484) [178], the MnSi (210) peak 
is the strongest. Taking into account the intensity ratio between different peaks, the MnSi film 
grown on Si(100) exhibits a polycrystalline nature. Furthermore, the MnSi1.7 (104) peak 
appears at 26.03°. These two phases (MnSi and MnSi1.7) often coexist [105, 172]. The XRD 
pattern of sample L with a MnSi film grown on a Si(111) substrate is shown in Figure 5.1 (b). 
The (111) and (222) diffraction peaks of the Si substrate are at 28.4° and 58.9°, respectively. 
The MnSi(111) and (222) Bragg peaks are observed at 34.2° and 72.4°, respectively. The 
MnSi(210) peak is also observed at 44.6°, but with much weaker intensity. Considering the 




intensity ratio between different peaks, the MnSi phase in this sample is highly (111) textured. 
Within the detection limit, there is no visible peak, which can be assigned to the MnSi1.7. From 
our measurements for other samples with different thickness (not shown), we have found the 
following: (1) MnSi films on Si(100) are always polycrystalline with the co-existence of the 
MnSi1.7 second phase; (2) MnSi films on Si(111) are highly (111) textured and we can obtain 
either pure MnSi phase or the mixture of two phases with different concentration ratios. 

















































Figure 5.1. (a) XRD pattern of a 60 nm MnSi film on Si(100) by FLA. B20-MnSi and MnSi1.7 
phases coexist. (b) XRD pattern of a 60 nm MnSi film on Si(111) by FLA, and in this sample 
B20-type MnSi is the single phase. The insert table in (b) shows the relative intensity ratio of 
different diffraction planes. Ref. 23 shows the (210) and (211) planes should be the two 
strongest peaks. Sample G shows consistent with Ref. 23, indicating a polycrystalline structure. 
The (111) plane of sample L is the strongest peak, meaning the (111)-textured of this sample. 
As shown exemplarily in Figure 5.2 (a) and (b) for samples G and L with 60 nm MnSi 
films grown on Si(100) and (111) substrates, the in-plane magnetic loops at 5 K show a multi-
hysteresis feature that occurs only when the magnetic states change, being consistent with the 
other MnSi MH curves with skyrmions [106, 193]. The saturation magnetization for sample G 
is around 75 emu/cm3, which is lower than the value for bulk B20 MnSi due to the co-existence 
of MnSi1.7 parasitic phase. The saturated field for this sample is around 9 kOe. However, the 
single-phase sample L in Figure 5.2 (b) shows a higher saturation magnetization of 165 
emu/cm3, which is close to that for bulk MnSi. This sample also has a higher saturated field of 
13 kOe. The mixture with MnSi1.7 does not affect this multi-hysteresis behaviour, indicating 
that the skyrmion formation only depends on the existence of MnSi phase. 





Figure 5.2. In-plane MH curves recorded at 5 K for sample G and  L with a 60 nm MnSi films 
on (a) Si(100) substrates and (b) on Si(111) substrates, respectively. The easy axis and multi-
hysteresis are stabilized in-plane. Temperature-dependent in-plane saturation magnetization 
(solid symbol) and the calculated dM/dT (open symbol) for the samples G (c) and L (d). The 
valley of dM/dT indicates the Curie temperature.   
The Curie temperature of magnetic materials can be measured by different methods, such 
as temperature dependent magnetization, resistance or heat capacity [115, 194, 195]. From the 
magnetization, it can be determined by the temperature-dependent remanence [196] and by 
calculating dM/dT for the temperature-dependent saturation magnetization [197]. TC can also 
be determined by measuring the temperature-dependent resistance. In such a case the first 
derivative dR/dT shows a peak around the critical temperature [198].  At the same time, the 
temperature-dependent magnetoresistance also shows a peak around TC [199]. Figure 5.2 (c) 
and (d) show the in-plane magnetization of samples G and L as a function of temperature under 
a magnetic field of 15 kOe, which is above the saturation field. The calculated dM/dT curves 
are shown as open symbols. The minimum of the curves is found at the same temperature for 
films on Si(100) and (111) substrates, which is defined as the Curie temperature. We also 
estimated the TC from electrical measurements (not shown). Both methods, i.e. temperature-
dependent magnetization and resistance result in a similar value of TC at around 43 K. 
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Figure 5.3. Curie temperature as a function of the thickness of MnSi films on (a) Si(100) 
substrates and Si(111) substrates (b). Curie temperature as a function of the content of MnSi1.7 
phase on (c) Si(100) substrates and Si(111) substrates (d). All these samples have 
approximately the same Curie temperature of 43 K, which is larger than that of bulk MnSi. The 
sample ID is indicated in the figures around the corresponding data point. 
 
The TC values are plotted in Figure 5.3 (a) and (b) as a function of MnSi film thickness. 
The TC slightly increases to 43 K with increasing thickness of the MnSi films on Si(100) or 
(111) substrates. When the thickness is above 30 nm, TC saturates at around 43 K. Compared 
with bulk MnSi, it is increased by 45% and remains stable at 43 K. For thinner samples, TC is 
a little bit lower, consistent with Ref. [106]. Although these samples have different crystal 
orientations or textures on Si(100) or (111) substrates, their TC is almost the same, indicating 
that the TC of MnSi films is not related to the crystal orientation or texture.  
In order to check if the presence of MnSi1.7 has influence on the TC of MnSi films [97], 
we tried to find a correlation between TC and the content of MnSi1.7. The content of MnSi1.7 in 
percent is estimated from the saturation magnetization. Since MnSi1.7 is a weak itinerant 
magnet with negligible magnetization of 0.012 µB/Mn [82], we compare the saturation 




magnetization of our films with that of bulk MnSi. Then the amount of MnSi is determined and 
we assume that the rest of Mn form MnSi1.7. As shown in Figure 5.3 (c, d), the TC always 
remains around 43 K with increasing amount of the MnSi1.7 phase on Si(100) or (111) 
substrates. Here, the film thickness is fixed at around 40 and 60 nm and the amount of MnSi1.7 
is varied since we changed the FLA energy slightly. Therefore, TC of MnSi films is not 
determined by its crystalline orientation, texture or the mixture with MnSi1.7. In the next section, 
we investigate the dependence on strain.  
 
 
Figure 5.4. Curie temperature as a function of the change of lattice constant ‘a’ on Si(100) 
substrates. All these sample have approximately the same Curie temperature of 43 K, which is 
larger than bulk MnSi. The sample ID is indicated in the figures around the corresponding 
data point. 
Thin films on substrates usually are in a “stressed” state. The strain of thin films can be 
calculated by the variation of lattice constants. The change of the lattice constant ‘a’ and ‘c’ is 
generally regarded as in-plane and out-of-plane strain, respectively [200], in the case of epitaxy. 
The change of the lattice constant can be obtained by XRD measurements. The lattice spacing 
d can be calculated from equation (18) of Bragg’s law [201]. 𝜃 is the Bragg peak of the specific 
crystal plane, which can be expressed as the Miller index (hkl). λ is the wavelength of the 
incident X-ray. n is the diffraction order and is a positive integer. 
2𝑑𝑠𝑖𝑛𝜃 = 𝑛λ                                                                                                              (18) 






                                                                                                                  (19) 
To match the substrates, the lattice of fully strained epitaxial films is locked on the substrates. 




Since our films are polycrystalline in general, it is reasonable to calculate the lattice constant 
like for polycrystalline materials [202]. For the thin film grown on Si(100) substrates, MnSi is 
fully polycrystalline because the XRD intensity ratios for different diffraction peaks are the 
same as for the powder sample. Thus, we calculate the change of average lattice constants by 
equation (19).  
Figure 5.4 shows the Curie temperature dependent on the variation of lattice constants ‘a’ 
for the MnSi films on Si(100) substrates. These MnSi films have a thickness of 40 or 60 nm. 
The lattice constants vary due to the different flash lamp annealing energy. As shown in Figure 
5.4, the Curie temperatures of all MnSi films stay around 43 K. In the case of growing on 
Si(100), the lattice constant a is larger than the bulk values. However, for all cases, the TC of 
MnSi films is around 43 K and is not determined by the change of the lattice constant ‘a’, 
which is somewhat equivalent to the in-plane strain or out-of-plane strain, respectively. The 
Curie temperature dependency on the volume variation of MnSi films is shown in Figure 5.5. 
Obviously, despite the lattice cell expansion or contraction (applying hydrostatic press), MnSi 
films have a TC around 43 K.  
 
Figure 5.5 The Curie temperature vs. the change of the cell volume of MnSi films on Si(100) 
substrates. The Curie temperature stays around 43 K with the variety of cell volume. The 
sample ID is indicated in the figures around the corresponding data point. 
From the experimental results shown above, the origin of the increased TC in MnSi films 
remains still elusive. We found that, being independent of the crystallinity, the substrate 
orientation, the lattice strain and the cell volume, TC is always around 43 K when the thickness 
is above a threshold value. By detailed investigations using EXAFS, Figueroa et al. suggests 
the interface maybe the reason for the improved Curie temperature. They also suspected that 
the shifted Si positions within the unit cell could have an indirect effect on the magnetic 
ordering of the Mn atoms, e.g., via the crystal field. However, they have not detected skyrmions 




in their films. In our thick films, both magnetic skyrmions and an enhanced Curie temperature 
are detected [142]. Therefore, the understanding of the magnetic properties of MnSi films is 
far from satisfactory. Instead, a subtle variation in the microstructure may play an important 
role. Both theoretical work by Yabuuchi et al. [203] and Men’shov et al. [204] points to the 
off-stoichiometry induced spin fluctuations above the intrinsic Curie temperature in MnSi 
alloys.  In experiments, Rylkov et al. have found that in Si-Mn films (MnSi1.7 and MnSi) with 
a slight excess of Mn (around 2-5% from their stoichiometry) the Curie temperature increases 
[205]. However, the skyrmion formation was not discussed in those papers. Very recently, 
Balasubramanian et al. reported ferromagnetic order in B20-CoSi [197]. Perfectly 
stoichiometric CoSi does not exhibit any kind of magnetic order. B20-Co1+xSi1−x with excess 
Co was obtained by nonequilibrium processing. They found that the alloys are magnetically 
ordered above a critical excess-Co content (x=0.028). Their density functional theory 
calculation shows that the onset of the zero-temperature magnetism has the character of a 
magnetic quantum-phase transition. Nevertheless, the inevitable subtle deviation in 
stoichiometry and point defects in MnSi films seem to play a non-negeligible role in their 
magnetic properties. Indeed, it is challenging to quantitatively characterize the subtle amount 
of off-stoichiometry and point defects. To tackle this problem, well-controlled growth of MnSi 
films and sensitive characterization are pre-requisites. For the latter, positron annihilation 
spectroscopy may provide more information about the defects [206]. 
5.4 Conclusion 
In summary, in this paper we try to understand the puzzling Curie temperature widely reported 
in MnSi films. We have prepared MnSi films with a large variation regarding their thickness, 
crystallinity, strain and phase separation by a fast solid-state reaction though millisecond flash 
lamp annealing. Particularly, polycrystalline MnSi films on Si(100) and textured MnSi films 
on Si(111), both with different mixture ratio with MnSi1.7 have been grown and systematically 
characterized. Surprisingly, all obtained MnSi films exhibit a high Curie temperature at around 
43 K when the thickness is above a threshold value. The skyrmion phase has also been detected 
in these films. However, we find no correlation between the increased Curie temperate and the 
film thickness (above 30 nm), strain, lattice volume or the mixture with MnSi1.7. Our work has 
not provided a conclusive picture for this question, but is rather calling a revisit, especially to 
the effect by the interface, stoichiometry and other point defects. Further studies are essential 
to understand the B20 transition-metal silicide/germanides films and therefore to utilize them 
for spintronic applications.




6. Summary and outlook 
6.1 Summary 
The aim of the current thesis was to investigate the preparation of MnSi film on Si 
substrates. The preparation process includes room temperature sputtering Mn films with 
different thicknesses and flash-lamp annealing with different energy density (annealing 
temperature). Systematic investigations on their structural, electrical, magnetic, and magneto-
transport properties were performed. The key findings are summarized below:  
Thin films with the B20-MnSi phase on Si(100) substrates were fabricated for the first 
time. They exhibit magnetic skyrmion behaviour. In comparison with Si(111) substrates, 
Si(100) substrates are more preferred from the practical application point of view. The 
nucleation of B20-MnSi on Si(100) is believed to be triggered by the fast solid-state phase 
reaction between Mn and Si via ms-range flash-lamp annealing. Compared with the 
corresponding bulk material, our films show an increased Curie temperature of around 43 K. 
The magnetic and transport measurements reveal that skyrmions in B20-MnSi on Si(100) made 
by sub-seconds solid-state reaction are stable within much broader field and temperature 
windows than bulk MnSi. The parasitic MnSi1.7 phase can be further minimized or eliminated 
by optimizing the annealing conditions, the quality of the deposited Mn film, and its interface 
with the Si substrate. Our work demonstrates a promising route for the fabrication of B20-type 
transition metal silicides for integrated and/or hybrid spintronic applications on Si(100) wafers, 
which are more preferable for industry applications. 
The growth of MnSi films on Si(111) substrates has been widely realized by solid phase 
epitaxy or molecular beam epitaxy since the lattice mismatch and symmetry fit better. One 
problem is the parasitic MnSi1.7 phase. By controlling the reaction parameters using strongly 
non-equilibrium flash lamp annealing, we have achieved full control over the phase formation 
of Mn-silicides in thin films from single-phase B20-MnSi or MnSi1.7 to mixed phases. The 
obtained films are highly textured and reveal sharp interfaces to the Si substrate. The obtained 
B20-MnSi films exhibits a high Curie temperature of 41 K. The skyrmion phase can be 
stabilized over broad temperature and magnetic field ranges. We propose flash-lamp-
annealing-induced transient reaction as a general approach for phase separation in transition-
metal silicides and germanides and for growth of B20-type films with enhanced topological 
stability. 




By comparing the magnetic properties of MnSi films grown on both Si(111) and Si(100) 
substrates by ourselves and by others in literature, we found one common feature. It is the 
increased Curie temperature of around 41-43 K for all MnSi films. It is much higher than 29.5 
K for bulk MnSi. We try to understand the puzzling Curie temperature widely reported in MnSi 
films. We have prepared MnSi films with a large variation regarding their thickness, 
crystallinity, strain and phase separation. Particularly, polycrystalline MnSi films on Si(100) 
and textured MnSi films on Si(111), both with different mixture ratio with MnSi1.7 have been 
grown and systematically characterized. Surprisingly, all obtained MnSi films exhibit a high 
Curie temperature at around 43 K. The skyrmion phase has also been detected in these films. 
However, we find no correlation between the increased Curie temperate and the film thickness, 
strain, lattice volume or the mixture with MnSi1.7. Our work has not provided a conclusive 
picture for this question, but is rather calling a revisit, especially to the effect by the interface, 
stoichiometry and point defects. Further studies are essential to understand the B20 transition-
metal silicide/germanides films and therefore to utilize them for spintronic applications.  
6.2 Outlook 
Based on my experience in the past 3 years, I have the following suggestions for future 
work.  
6.2.1 Film thickness effect on formation of (111)-textured B20-MnSi 
I have started with this investigation. 15-60 nm thick Mn films were firstly deposited on 
Si(111) wafers by DC magnetron sputtering. The thickness of the formed Mn-Si films is from 
around 30 nm to 120 nm, i.e. around the twice of the deposited Mn films as checked by 
transmission electron microscopy. Afterwards, the flash-lamp annealing was employed to 
realize a fast solid-state reaction between Mn and Si. The annealing parameters were chosen 
according to the results in Chapter 4.  
Figure 6.1 shows the XRD patterns of the FLA-treated samples on Si(111) substrates. To 
better understand the thickness dependent of B20-MnSi formation, each sample from different 
thicknesses is chosen from the optimized annealing condition. When the thickness is thicker 
than 15 nm, MnSi and MnSi1.7 phases are detected. According to the powder PDF card (01-
081-0484 and 04-005-9870), the MnSi (210) and MnSi1.7 (214) planes should be the strongest 
diffraction, while the MnSi (111) and MnSi1.7 (200) planes are the strongest peak of these two 
phase. This indicates that the MnSi and MnSi1.7 phase in these samples are textured on Si(111) 
substrates. Due to the lower lattice mismatch of 1.8% and 3.1% for MnSi1.7 and MnSi with 




Si(111) substrate, respectively, the (200) plane of MnSi1.7 and the (111) plane of MnSi turns 
out to be parallel to Si(111) plane. When the thickness of deposited Mn is around 30 nm, single 




Figure 6.1. The XRD patterns of the regrown layers annealed from various thicknesses of Mn 
films on Si(111) substrates. B20-MnSi with (111) texture can be formed as the deposited Mn 
varies from 20 to 30 nm. 
 
Figure 6.2. (a) In-plane MH curves of the samples annealed from different Mn thicknesses on 
Si(111) substrates measured at 5 K. The samples annealed from 20- and 30-nm-thick Mn have 
multi-hysteresis, indicating transitions between different magnetic phases. (b) The calculated 
dM/dH from the the MH curves from (a). Four critical fields are identified and labelled as Hβ, 
Hα1, Hα2, and Hsat. Hα1 and Hα2 bound the region of stable elliptic skyrmion. Hβ and Hsat are 
the critical fields for the start of helical to skyrmion and the concial to ferromagnetic state. For 




the sample annealed from 15- and 40-nm-thick Mn, there is no peak, indicating no magnetic 
phase transition since they only contain MnSi1.7.  
Figure 6.2 (a) shows the MH curves of FLA-treated samples from different thicknesses of 
deposited Mn on Si(111) substrates. The samples annealed from 20 and 30 nm Mn show an 
obvious multi-hysteresis, indicating the transition between different magnetic structures, 
consistent with other B20-MnSi films. It is reported that this multi-hysteresis only occurs when 
the thickness is over 18 nm, which is the theoretical size of skymions in B20-MnSi. Only when 
the thickness of film is thicker than 18 nm, this skyrmion behaviour can be detected. The 
sample annealed from 30 nm Mn has the strongest magnetization among all these samples, 
which is close to the saturation magnetization of reported B20-MnSi compound. With 
increasing the thickness of deposited Mn to 40 nm, there is also no clear magnetic hysteresis 
since MnSi1.7 dominates the crystalline phase. The optimized annealing condition for 30 nm 
Mn does not work for thicker films. 
We also proved the magnetic skyrmions in samples with different thicknesses. The 
calculated dM/dH is shown in Figure 6.2 (b). At the beginning, all these curves monotonically 
decline with increasing the magnetic field. For the samples annealed from 15 and 40 nm Mn, 
there is no special feature since MnSi1.7 is the dominant phase.  On the contrary, the samples 
annealed from 20 and 30 nm Mn have a peak Hβ around 3 kOe, which is the transition from 
helical to skyrmion. By this first order transition, the magnetic state starts to change into 
topological skyrmion state gradually. With increasing the magnetic field, another peak Hα1 
comes out, indicating the totally different spin configurations, where all the helical structure 
transforms into skyrmions. The peak Hα2 is the position where the metastable skyrmions begin 
to change into conical structure. Afterwards, all magnetic structure transforms into 
ferromagnetic state at the beginning of horizontal curve by a second order transition. The 
magnetic and transport measurement for the sample annealed from 30 nm Mn on Si(111) 
substrates can be found in Chapter 4. It is shown that this sample has an extended skyrmion 
window. 





Figure 6.3. The phase ratios of MnSi and MnSi1.7 of regrown layers on Si(111) as a function of 
the thickness of deposited Mn films. The B20-MnSi is preferably formed when Mn thickness is 
at 20-30 nm. Thicker or thinner than this value results in the MnSi1.7 phase. 
The ratio of B20-MnSi and the parasitic MnSi1.7 phase dependent on thickness can be 
calculated through the saturated magnetization and is shown in Figure 6.3. As shown in Figure 
6.3, the content of B20-MnSi increases with increasing the thickness of deposited Mn. When 
the deposited Mn has a thickness over 20 nm, the ratio of MnSi increase to more than 50%. 
The coexistence of these two phases is observed by XRD and TEM. For a film annealed from 
30 nm thick Mn, there is single phase MnSi. With further increasing the thickness of Mn films, 
MnSi1.7 starts to become the dominant phase.  
These preliminary results imply that the optimized annealing condition to obtain single 
MnSi phase should also depend on the thickness of Mn films. This can be understandable since 
the temperature gradient can be a little bit different during flash lamp annealing when the 
thickness of metal Mn is changed. We propose an empirical explanation as the follows.  





Figure 6.4. The schematic for the diffusion and nucleation process. When the film is very thin, 
the excessive diffusion of Si makes the composition ratio of Si and Mn larger than 1:1, which 
can not support the formation of B20-MnSi. When the film is thick, the limited thermal 
conductivity of Mn 7.7 W/(mK) decreases the reaction temperature, which will not favour the 
nucleation of MnSi, but MnSi1.7.  
The schematic for the atom diffusion and nucleation processes are shown in Figure 6.4. It 
is well known that composition and reaction temperature are the most important parameters to 
affect the nucleation process. In each flash annealing process, the diffusion of Si atom is 
excessive in thin films or thick films, which can be confirmed by future RBS measurements. 
The excessive Si can exist either between the recrystallized MnSi crystallites or through the 
layer regrown to the surface, which can be confirmed/checked by TEM experiments. When the 
film is very thin, like 15 nm, the diffusion of Si can dilute the composition ratio of Mn and Si, 
which is far away from 1:1. Thus it is easy to form the parasitic MnSi1.7 phase due to the 




excessive diffusion of Si. Even in this case, Si still diffuses through the MnSi1.7 layer to the 
surface. The disorder composition and larger mismatch make the formation of MnSi very hard.  
It is also well known that Mn has a very small thermal conductivity of 7.7 W/(mK) 
compared with Si of around 150 W/(mK) [45]. The thermal conductivity can be even smaller 
due to the nm-size of Mn films. With increasing the thickness of Mn, the reaction temperature 
of the crystalline front will decrease due to the finite thermal conductivity. The low-
temperature phase of the parasitic MnSi1.7 will prefer to nucleate at this case.  
As a short summary, we still do not understand the phase formation (MnSi vs. MnSi1.7) 
depending on Mn thickness. More experimental works are needed to check if we can prepare 
thinner (< 40 nm) or thicker (> 60 nm) films with single phase MnSi.  
6.2.2 MnSi1.7% influence on Skyrmion stability 
It is known that the parasitic MnSi1.7 phase is much more easily formed together with 
MnSi. It is not clear how the parasitic MnSi1.7 phase affects the magnetic properties of MnSi. 
In most papers, they authors think that this parasitic phase can be negligible. In Chapter 5, we 
also found that the MnSi1.7 phase has no effect on the Curie temperature of MnSi. However, 
MnSi1.7 might play an important role in the induced anisotropy, which adjusts the required 
magnetic field for stabilizing different magnetic phases.  
I have done some preliminary measurements regarding this question. Figure 6.5 (a) and 
(c) show the transition fields Hα1, Hα2 and Hsat marked by the arrows of the sample with 60 nm 
regrown layers on Si(111) substrates with different ratios of MnSi1.7. Values for positive and 
negative magnetic fields are denoted by the superscripts “+” and “−”, respectively. Below the 
lower critical field Hα1, the helimagnetic phase is stable. With increasing the magnetic field, 
the helimagnetic phase transforms into the Skyrmion state via a first order phase transition. 
Above the upper critical field Hα2, the system transforms into the conical phase from the 
Skyrmion state. Beyond the field Hsat at the shoulder in Figure 6.5 (a) and (c) (or the kink), the 
system finally transfers into the field-polarized ferromagnetic state (FM). Helimagnetic phase, 
Skyrmion and conical phase appear in turn with the increase of the external magnetic field. 
With increased temperature, the critical fields shifted to lower magnetic field due to the 
decreased anisotropy. 





Figure 6.5. Calculated dR/dH of the annealed samples with 55% (a) and 0% (c) MnSi1.7 from 
field-dependent magnetoresistance. The black, red and green arrows stand the position of Hα1, 
Hα2 and Hsat, respectively. Magnetic phase diagram of the annealed samples with 55% (b) and 
0% (d) MnSi1.7 under in-plane magnetic field inferred from MR data.  
Combining the derived dMR/dT, magnetic phase diagrams for these two samples were 
constructed and shown in Figure 6.5 (b) and (d), in which the solid symbols are from the critical 
fields Figure 6.5 (a) and (c). In Figure 6.5(b) and (d), the Skyrmion is stabilized over a broad 
region in the T−H plane, spanning from the TC down to 5 K for both samples. However, the 
field range for the skyrmion phase is 4-7 kOe for the film containing MnSi1.7 and 6-9 kOe for 
the film containing no MnSi1.7. This film containing MnSi1.7 seems to have a decreased induced 
anisotropy. Of course, this cannot be concluded since there could be other variations that can 
lead the same effect. In the future, more measurements should be done for samples with 
different amount of MnSi1.7. One also can think about whether the skyrmion phase in MnSi can 
be better tuned by intentionally including some MnSi1.7.  




6.2.3 Preparation of other transition-metal monosilicides and germanides 
As we have mentioned, B20-type trainsition-metal monosilicides and germanides have 
many interesting properties. However, as to our knowledge, there are only few materials that 
have been prepared in the thin film form. Most of available B20 monogermanides require high 
pressure and high temperature sintering condition. We suggest that the method developed in 
this thesis can be used to prepare other trantition-metal monosilicide and germanide films on 
Si(111) and Ge(111) substrates, respectively. As already demonstrated for MnSi, the growth 
of B20-type transition metal monosilicides (or germanides) on Si(111) [or Ge(111)] is feasible. 
The symmetry fits well: Along the [111] crystal axis, both films and substrates have six-fold 
symmetry. The lattice mismatch between B20-type transition metal monosilicides / germanides 
and the Si(111)/Ge(111) substrates is relatively small if the film is rotated by 30° with the 
crystallographic orientation of B20[1-10] ‖ Si/Ge[11-2]. The lattice mismatch can be 
calculated by [aB20-aSi/Gecos(30º)]/aB20 (a is the lattice parameter).  
In Table 6.1, we list the lattice mismatch between several B20-type films and Si/Ge. As 
one can see from the table, this lattice mismatch induces an in-plane tensile strain in the films 
for 3d transition metals. For 3d transition metal monosilicides, the lattice parameter decreases 
with increasing the atomic number of the transition metal, consequently the tensile strain will 
increase. However, the lattice parameter generally increases for 4d transition metal 
monosilicides and therefore induces a compressive strain when growing on Si(111) substrates. 
However, there is no experimental report yet as to our best knowledge. We can extend the 
preparation approach shown in this thesis to prepare other films.  
Table 6.1: Lattice mismatch between reprehensive B20-type silicides (germanides) and the Si 
(Ge) substrates. 
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